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CAS INDEXING IS AVAILABLE FOR THIS PATENT. 

AB The present invention provides a structure-functional analysis engine 

for the high -throughput determination of the biochemical function of 
proteins or protein domains of unknown function. The present invention 
uses bioinformatics, molecular biology and nuclear magnetic resonance 
tools for the rapid and automated determination of the three-dimensional 
structures of proteins and protein domains. 

DRWD [0053] FIG. 6 provides the results of the NMR . sup . 15N- . sup . IH 
heteronuclear single quantum coherence (HSQC) spectral 
analysis of the NTD2-3 domain collected on a Varian Unity 500 
spectrometer. 

DRWD [0054] FIG. 7 provides the 2D . sup . 15N- . sup . IH . sup . N HSQC 

spectrum of CspA at pH 6 . 0 and 30. degree. C. 
DETD [0075] It is preferable to further characterize the isolated domain by 

.sup.lH-NMR spectroscopy. Preferably, the isolated 

domain is in a moderately concentrated solution (.about. 100 .mu.M) . A 
high dispersion pattern of the proton. 
DETD [0080] Uniform biosynthetic enrichment with .sup.lSN, .sup. 

13C and .sup.2H isotopes has been reported to be a prerequisite 
for the analysis of macromolecular structures by NMR 
spectroscopy. Some NMR strategies have also been reported to 
benefit from random enrichment with .sup.2H isotopes. The principal 
obstacle for isotope-enriched protein production in most recombinant 
production systems is the high cost of the enriched media components 
(e.g. . sup. 13C-glucose ®$330/g) , and the limiting 

possibilities for scale-up to controlled multi - liter fermenters. The 
less well-controlled conditions of shalcer flasJc cultivations often 
result in lower protein production levels. The production of .sup. 
15N-, .sup.lBC-, and/or . sup . 2H-enriched proteins thus 

requires an efficient system cable of providing high level production of 
the desired protein in small-scale. 
DETD [0081] Under one preferred embodiment, the present invention employs a 
bacterial production system for .sup.lSN, .sup. 130 

-enriched recombinant proteins. Preferably, the bacterial production 

system is based on intracellular production of recombinant 

proteins in E. coli as fusions to an IgG-binding domain analogue, Z, 

derived from staphylococcal Protein A. . . In this system, 

transcription is initiated from the efficient promoter of the E. coli 

trp operon. This allows for efficient intracellular production 

of fusion proteins. These fusion proteins can then be purified by IgG 

affinity chromatography. Using this approach it is. . . mg/L) 

production in defined minimal media of a number of isotope-enriched 

proteins (see, for example, Jansson et al . , J. Biomol . NMR 

7 :131-141 (1996) ) . 



DETD [0083] Under another preferred embodiment, .sup.lSN, .sup. 

13C, . sup . 2H-enriched recombinant proteins can be produced by- 
acclimating a bacterial production system to grow in 95% . sup . 2H . sub . 20 . 
Recombinant bacterial production. . . protein production levels of 
acclimated bacteria grown in 95% . sup . 2H . sub . 20 are identical to those 
obtained in H. sub. 20. Using protiated [uniformly .sup.l3C 
-enriched] -glucose as the carbon source, . sup . 2H-enrichment levels of 70 
- 80% can be achieved; high incorporation of .sup.2H from the 
.sup.2H.sub.20. . . amino acid biosynthesis. While the resulting 
proteins are not 100% perdeuterated, they are sufficiently enriched for 
the purpose of slowing .sup.l3C transverse relaxation rates 
and enhancing the sensitivity for certain types of triple-resonance 
NMR experiments. 100% perdeuterated samples can also be produced 
using . sup . 2H . sub . 20 solvent and [uniformly 21H, .sup.lSC 
-enriched] -glucose as the carbon source. 

DETD . . . (<. about. 30 IcD) , isotopically enriched samples are scored in 
terms of their suitability for structure determination by NMR using 
standard 2D HSQC, 2D NOESY, and/or 2D CBCANH triple-resonance 
spectra. The protein samples that provide good quality data for these 
NMR experiments are. 

DETD [0107] Input to AUTOASSIGN includes a pea]c-piclced 2D (H-N) -HSQC 

spectrum and the following seven peaJc-picJced 3D spectra: HNCO, CANH, 
CA(CO)NH, CBCANH, CBCA(CO)NH, H(CA)NH, and H(CA) (CO)NH. This family of 
triple-resonance. 

DETD [0158] NMR . sup . 15N-HSQC spectra is collected on a Varian 

Unity 500 spectrometer. The . sup . 15N-HSQC spectral analysis is 

shown in FIG. 6. The good dispersion in both the .sup.lSN and .sup.lH 

dimensions demonstrate that this. 

DETD . . . frequency synthesizer for carbonyl decoupling as described by 
Feng et al . , Biochemistry 37:10881-10896 (1998). FIG. 7 provides the 2D 
.sup.l5N-.sup.lH.sup.N HSQC spectrum of CSPA at pH 6.0 and 
3 0. degree. C. 

DETD [0160] The collected spin resonances are analyzed using AUTOASSIGN. The 
input for AUTOASSIGN includes peaJcs from 2D . sup . 15N- . sup . IH . sup . N 
HSQC and 3D HNCO spectra along with peak lists from three 
intraresidue (CANH, CBCANH and HCANH) and three interresidue (CA(CO)NH, 
CBCA(CO)NH. 

DETD ... by reference in its entirety. Interatomic distance constraints 
are derived from three NOESY data sets 2D NOESY and 3D . sup . 15N-edited 
NOESY-HSQC spectra recorded with a mixing time of t.sub.m of 
60 ms of a CspA sample dissolved in 90% H. sub. 20/10% . sup . 2H . sub . 20 . 

recorded with a mixing time t.sub.m of 50 ms of a sample dissolved in 
100% . sup. 2H. sub.20. The intensity of the NOESY-HSQC spectrum 
is corrected for .sup.l5N relaxation effects, and the cross -pealc 
intensities are converted into interproton distance constraints. 

TABLE 1 



Summary of . 

CLM What is claimed is: 

or more spectra selected from the group consisting of nuclear 
Overhauser effect spectroscopy (NOESY) , pulsed- field gradient 
. sup . 15N-heteronuclear single -quantum coherence spectroscopy (PFG- 
HSQC) , pulsed-f ield gradient triple-resonance HCCNH 

.sup.13C-.sup.13C total correlation spectroscopy ( PFG -HCCNH - TOCSY ) , 
pulsed-f ield gradient HCC(CO)NH . sup . 13C- . sup . 13C TOCSY 
(PFG-HCC(CO)NH-TOCSY) , HCCHCOSY, HCCNH-TOCSY, HNCO, CANH,. 
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CORPORATE SOURCE: Cambridge Centre for Protein Engineering, Department of 
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SOURCE: PROTEIN SCIENCE, (1999 Jun) 8 (6) 1286-91. 
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DOCUMENT TYPE: Journal; Article; (JOURNAL ARTICLE) 

LANGUAGE : Eng 1 i s h 

FILE SEGMENT: Priority Journals 

ENTRY MONTH: 199907 

ENTRY DATE: Entered STN: 19990727 

Last Updated on STN: 20000303 
Entered Medline: 19990715 

AB The refolding of barstar, the intracellular inhibitor of 

barnase, is dominated by the slow formation of a cis peptidyl prolyl bond 
in the native protein. The triple mutant C40/82A P27A"in which two 
cysteine residues and one trans proline were replaced by alanine was used 
as model system .-to investigate*,, the ^ kinetics and structural consequences of 
the trans/cis interconversion of . Pro4 8 . One- and Xwo-dimenslQnal real-time 
NMR spectroscopy was .used to follow the trans/cis interconversion 
after folding was -initiated by .rapid dilution of the urea denatured 
protein. Series of .IH, .15N. HSQC spectra - . . .. 

acquired with and without the addition of. peptidyl prolyl: isomerase 
unambiguously revealed the accumulation of a transient -trans -Pro4 8 
intermediate within the. dead time of the experiment. Subtle chemical shift 
differences between the native state and the intermediate spectra indicate 
that the intermediate is predominantly native-like with a local 
rearrangement in the Pro4 8 loop and in the beta- sheet region including 
residues Tyr47, Ala82, Thr85, and Val50, 

AB The refolding of barstar, the intracellular inhibitor of 

barnase, is dominated by the slow formation of a cis peptidyl prolyl bond 

in the native protein. The. . . as model system to investigate the 

kinetics and structural consequences of the trans/cis interconversion of 

Pro48. One- and two-dimensional real-time NMR spectroscopy was 

used to follow the trans/cis interconversion after folding was initiated 

by rapid dilution of the urea denatured protein. Series of IH, 

15N HSQC spectra acquired with and without the addition. 

of peptidyl prolyl isomerase unambiguously revealed the accumulation of a 
transient trans-Pro48 intermediate. . . 
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AB 
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1999256949 EMBASE 

Identification and quantitation of phosphorus metabolites 
in yeast neutral pH extracts by nuclear magnetic resonance 
spectroscopy. 

Teleman A.; Richard P.; Toivari M. ; Penttila M. 
A. Teleman, Swedish Pulp/Paper Res. Institute, STFI, PO Box 
5604, S-114 86 Stockholm, Sweden. Anita.Teleman@stfi.se 
Analytical Biochemistry, (15 Jul 1999) 272/1 (71-79) . 
Refs: 15 

ISSN: 0003-2697 CODEN : ANBCA2 
United States 
Journal; Article 
023 Nuclear Medicine 

029 Clinical Biochemistry 

English 
English 

31P NMR spectroscopy offers a possibility to obtain a 
survey of all low-molecular-weight phosphorylated compounds in yeast. The 
yeast cells have been extracted using chloroform into a neutral aqueous 
phase. The use of high fields and the neutral pH extracts, which are 
suitable for NMR analysis, results in well-resolved 31P 
NMR spectra. Two-dimensional NMR experiments, such as 
proton-detected heteronuclear single quantum (1H-31P 
HSQC) and 31P correlation spectroscopy (31P 

COSY), have been used to assign the resonances. In the phosphomonoester 
region many of the signals could be assigned to known metabolites in the 
glycolytic and pentose phosphate pathways, although some signals remain 
unidentified. Accumulation of ribulose 5-phosphate, xylulose 5-phosphate, 
and ribose 5-phosphate was observed in a strain lacking transketolase 
activity when grown in synthetic complete medium. No such accumulation 
occurred when the cells were grown in yeast- peptone-dextrose medium. 
Trimetaphosphate (intracellular concentration about 0.2 mM) was 
detected in both cold methanol -chloroform and perchloric acid extracts. 
31P NMR spectroscopy offers a possibility to obtain a 

survey of all low-molecular-weight phosphorylated compounds in yeast. The 
yeast cells have been. . . chloroform into a neutral aqueous phase. The 
use of high fields and the neutral pH extracts, which are suitable for 
NMR analysis, results in well-resolved 31P NMR 
spectra. Two-dimensional NMR experiments, such as 
proton-detected heteronuclear single quantum (1H-31P 
HSQC) and 31P correlation spectroscopy (31P 

COSY), have been used to assign the resonances. In the phosphomonoester 
region many of the signals could be assigned to. . . when grown in 
synthetic complete medium. No such accumulation occurred when the cells 
were grown in yeast- peptone -dextrose medium. Trimetaphosphate ( 
intracellular concentration about 0.2 mM) was detected in both 
cold methanol-chlorof orm and perchloric acid extracts. 
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Identification of the binding surface on Cdc42Hs for 
p21-activated kinase. 

Guo W; Sutcliffe M J; Cerione R A; Oswald R E 
: Department of Molecular Medicine, Cornell University, 

Ithaca, New York 14853, and Department of Chemistry, 

Leicester University, Leicester, LEI 7RK, UK. 

ROl GM56233 (NIGMS) 
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Journal code: 0370623, ISSN: 0006-2960. 
United States 

Journal; Article; (JOURNAL ARTICLE) 



LANGUAGE: English 

FILE SEGMENT: Priority Journals 

ENTRY MONTH: 199811 

ENTRY DATE: Entered STN: 19990106 

Last Updated on STN: 20020420 
Entered Medline: 19981104 

AB The Ras superfamily of GTP-binding proteins is involved in a nuinber of 
cellular signaling events including, but not limited to, tumorigenesis , 
intracellular trafficking, and cytoskeletal organization. The Rho 
subfamily, of which Cdc42Hs is a member, is involved in cell morphogenesis 
through a GTPase cascade which regulates cytoskeletal changes. Cdc42Hs has 
been shown to stimulate DNA synthesis as well as to initiate a protein 
kinase cascade that begins with the activation of the p21-activated 
serine/ threonine kinases (PAKs) . We have determined previously the 
solution structure of Cdc42Hs [Feltham et al . (1997) Biochemistry 36, 
8755-8766] using NMR spectroscopy. A minimal -binding domain of 
46 amino acids of PAK was identified (PBD46) , which binds Cdc42Hs with a 
KD of approximately 20 nM and inhibits GTP hydrolysis. The binding 
interface was mapped by producing a fully deuterated sample of 15N 
-Cdc42Hs bound to PBD46. A IH, 15N-N0ESY-HSQC 

spectrum demonstrated that the binding surface on Cdc42Hs consists of the 
second beta-strand (beta2) and a portion of the loop between the first 
alpha-helix (alphal) and beta2 (switch I) . A complex of PBD46 bound to 
15N-Cdc42Hs .GMPPCP exhibited extensive chemical shift changes in 
the 1H,15N-HSQC spectrum. Thus, PBD46 likely 

produces structural changes in Cdc42Hs which are not limited to the 
binding interface, consistent with its effects on GTP hydrolysis. These 
results suggest that the kinase -binding domain on Cdc42Hs is similar to, 
but more extensive than, the c-Raf -binding domain on the Ras antagonist, 
Rapl [Nassar et al . (1995) Nature 375, 554-560)]. 
AB . . . Ras superfamily of GTP-binding proteins is involved in a number 

of cellular signaling events including, but not limited to, tumorigenesis , 
intracellular trafficking, and cytoskeletal organization. The Rho 
subfamily, of which Cdc42Hs is a member, is involved in cell morphogenesis 
through a. . . serine/threonine kinases (PAKs) . We have determined 
previously the solution structure of Cdc42Hs [Feltham et al . (1997) 
Biochemistry 36, 8755-8766] using NMR spectroscopy. A 

minimal -binding domain of 46 amino acids of PAK was identified (PBD46) , 
which binds Cdc42Hs with a KD of approximately 20 nM and inhibits GTP 
hydrolysis. The binding interface was mapped by producing a fully 
deuterated sample of 15N-Cdc42Hs bound to PBD46. A IH, 
15N-N0ESY-HSQC spectrum demonstrated that the binding 
surface on Cdc42Hs consists of the second beta-strand (beta2) and a 
portion of the loop between the first alpha-helix (alphal) and beta2 
(switch I). A complex of PBD46 bound to 15N-Cdc42Hs . GMPPCP 
exhibited extensive chemical shift changes in the 1H,15N 
-HSQC spectrum. Thus, PBD4 6 likely produces structural changes 
in Cdc42Hs which are not limited to the binding interface, consistent with 
its. 



3 ANSWER 11 OF 11 MEDLINE DUPLICATE 7 

ACCESSION NUMBER: 95392182 MEDLINE 
DOCUMENT NUMBER: 95392182 PubMed ID: 7663142 

TITLE: Secondary structure determination by NMR spectroscopy of an 

immunoglobulin- like domain from the giant muscle protein 
titin. 

AUTHOR: Pfuhl M; Gautel M; Politou A S; Joseph C; Pastore A 

CORPORATE SOURCE: European Molecular Biology Laboratory, Heidelberg, Germany. 
SOURCE: JOURNAL OF BIOMOLECULAR NMR, (1995 Jul) 6 (1) 48-58. 

Journal code: 9110829. ISSN: 0925-2738. 
PUB. COUNTRY: Netherlands 

DOCUMENT TYPE: Journal; Article; (JOURNAL ARTICLE) 

LANGUAGE : Engl i sh 

FILE SEGMENT: Priority Journals 

ENTRY MONTH: 199510 

ENTRY DATE: Entered STN: 19951020 

Last Updated on STN: 19951020 
Entered Medline: 19951010 
AB We present the complete 15N and IH NMR 

assignment and the secondary structure of an immunoglobulin- like domain 
from the giant muscle protein titin. The assignment was obtained using 
homonuclear and 15N heteronuclear 2D and 3D experiments. The 
complementarity of 3D TOCSY-NOESY and 3D 15N NOESY-HSQC 

experiments, using WATERGATE for water suppression, allowed an efficient 
assignment of otherwise ambiguous cross peaks and was helpful in 
overcoming poor TOCSY transfer for some amino acids. The secondary 
structure is derived from specific NOEs between backbone alpha- and amide 
protons, secondary chemical shifts of alpha-protons and chemical exchange 
for the backbone amide protons. It consists of eight beta- strands , forming 
two beta-sheets with four strands each, similar to the classical 
beta-sandwich of the immunoglobulin superfamily, as previously predicted 
by sequence analysis. Two of the beta-strands are connected by type II 
beta- turns; the first beta-strand forms a beta-bulge. The whole topology 
is very similar to the only intracellular immunoglobulin- like 
domain for which a structure has been determined so far, i.e., telokin. 
AB We present the complete 15N and IH NMR 

assignment and the secondary structure of an immunoglobulin -like domain 
from the giant muscle protein titin. The assignment was obtained using 
homonuclear and 15N heteronuclear 2D and 3D experiments. The 
complementarity of 3D TOCSY-NOESY and 3D 15N NOESY-HSQC 

experiments, using WATERGATE for water suppression, allowed an efficient 
assignment of otherwise ambiguous cross peaks and was helpful in 
overcoming. . . connected by type II beta-turns; the first beta-strand 
forms a beta-bulge. The whole topology is very similar to the only 
intracellular immunoglobulin -like domain for which a structure has 
been determined so far, i.e., telokin. 
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SOURCE: Journal of Medicinal Chemistry, (December 20, 2001) Vol. 

44, No. 26, pp. 4668-4676. print. 
ISSN: 0022-2623. 

DOCUMENT TYPE: Article 

LANGUAGE : Eng 1 i s h 

AB Parasite resistance to drugs has emerged as a major problem in current 
medicine, and therefore, there is great clinical interest in developing 
compounds that overcome these resistances. In an intensive study of South 
American medicinal plants, herein we report the isolation, structure 
elucidation, and biological activity of dihydro-beta-agarof uran 
sesquiterpenes from the roots of Maytenus magellanica (1-14) and M. 
chubutensis (14-17) . This type of natural products may be considered as 
privileged structures. The structures of 10 new compounds, 1, 3, 6-9, and 
12-15, were determined by means of IH and 13C 

NMR spectroscopic studies, including homonuclear (COSY and ROESY) 

and heteronuclear correlation experiments (HMQC and HMBC) . The 

absolute configurations of eight hetero- and homochromophoric compounds, 

1, 3, 6-9, 12, and 13, were determined by means of CD studies. Fourteen 
compounds, 1-3 and 6-16, have been tested on a multidrug-resistant 
Leishmania tropica line overexpressing a P-glycoprotein- like transporter 
to determine their ability to revert the resistance phenotype and to 
modulate intracellular drug accumulation. From this series, 1, 

2, 3, 14, and 15 showed potent activity, 1 being the most active compound. 
The structure-activity relationships of the different compounds are 
discussed. 

AB. . . considered as privileged structures. The structures of 10 new 
compounds, 1, 3, 6-9, and 12-15, were determined by means of IH 
and 13C NMR spectroscopic studies, including 

homonuclear (COSY and ROESY) and heteronuclear correlation experiments ( 
HMQC and HMBC) . The absolute configurations of eight hetero- and 
homochromophoric compounds, 1, 3, 6-9, 12, and 13, were determined by. 

multidrug-resistant Leishmania tropica line overexpressing a 
P-glycoprotein-like transporter to determine their ability to revert the 
resistance phenotype and to modulate intracellular drug 
accumulation. From this series, 1, 2, 3, 14, and 15 showed potent 
activity, 1 being the most active compound.. 
IT ... & Equipment 

CD study [circular dichroism study] : analytical method; COSY 

[correlation spectroscopy] : analytical method; HMBC [heteronuclear 

multiple-bond correlation] : analytical method; HMQC 

[heteronuclear multiple quantum correlation spectroscopy] : analytical 
method; NMR spectroscopy: analytical method; ROESY [rotating frame 
nuclear Overhauser effect spectroscopy] : analytical method 
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REFERENCE COUNT: 32 

*ABSTRACT IS AVAILABLE IN THE ALL AND lALL FORMATS* 
AB This study was designed to test the hypothesis that indirect H-1 [C-13] 

detection of tricarboxylic acid (TCA) cycle intermediates using 
heteronuclear multiple quantum correlation-total correlation spectroscopy 
(HMQC-TOCSY) nuclear magnetic 

resonance (NMR) spectroscopy provides additional C-13 

isotopomer information that better describes the kinetic exchanges that 
occur between intracellular compartments than direct C-13 
NMR detection. NMR data were collected on extracts of 

rat hearts perfused at various times with combinations of [2 -C-13 ] acetate , 
propionate, the transaminase inhibitor aminooxyacetate , and 13C 
multiplet areas derived from spectra of tissue glutamate were fit to a 
standard kinetic model of the TCA cycle. Although the two NMR 
methods detect different populations of 13C isotopomers, similar 
values were found for TCA cycle and exchange fluxes by analyzing the two 
data sets. Perfusion of hearts with unlabeled propionate in addition to 
[2-C-13] acetate resulted in an increase in the pool size of all 
four-carbon TCA cycle intermediates. This allowed the addition of 
isotopomer data from aspartate and malate in addition to the more abundant 
glutamate. This study illustrates that metabolic inhibitors can provide 
new insights into metabolic transport processes in intact tissues. 
AB ... the hypothesis that indirect H-1 [C-13] detection of 

tricarboxylic acid (TCA) cycle intermediates using heteronuclear multiple 
quantum correlation- total correlation spectroscopy (HMQC-TOCSY) 
nuclear magnetic resonance (NMR) 

spectroscopy provides additional C-13 isotopomer information that better 
describes the kinetic exchanges that occur between intracellular 
compartments than direct C-13 NMR detection. NMR data 

were collected on extracts of rat hearts perfused at various times with 
combinations of [2-C-13] acetate, propionate, the transaminase inhibitor 
aminooxyacetate, and 13C multiplet areas derived from spectra of 
tissue glutamate were fit to a standard kinetic model of the TCA cycle. 
Although the two NMR methods detect different populations of 
13C isotopomers, similar values were found for TCA cycle and 
exchange fluxes by analyzing the two data sets. Perfusion of hearts. 
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AB The disaccharide alpha-Kdo- (2 - ->8) -alpha-Kdo (Kdo: 3 -deoxy-D-manno-oct-2 - 
ulosonic acid) represents a genus-specific epitope of the 
lipopolysaccharide of the obligate intracellular human pathogen 
Chlamydia. The conformation of the synthetically derived disaccharide 
alpha-Kdo- (2-->8) -alpha-Kdo- (2-->0) -allyl was studied in aqueous solution, 
and complexed to a monoclonal antibody S25-2. Various NMR 

experiments based on the detection of NOEs (or transfer NOEs) and ROEs (or 
transfer ROEs) were performed. A major problem was the extensive overlap 
of almost all IH NMR signals of alpha-Kdo- (2 -- >8 ) - 
alpha-Kdo- (2-->0) -allyl. To overcome this difficulty, HMQC-NOESY 
and HMQC-trNOESY experiments were employed. Spin diffusion 
effects were identified using trROESY experiments, QUIET-trNOESY 
experiments and MINSY experiments. It was found that protein protons 
contribute to the observed spin diffusion effects. At 800 MHz, 
intermolecular trNOEs were observed between ligand protons and aromatic 
protons in the antibody binding site. From NMR experiments and 
Metropolis Monte Carlo simulations, it was concluded that 

alpha-Kdo- (2-->8) -alpha-Kdo- (2-->0) -allyl in aqueous solution exists as a 
complex conformational mixture. Upon binding to the monoclonal antibody 
S25-2, only a limited range of conformations is available to 
alpha-Kdo- {2-->8) -alpha-Kdo- (2-->0) -allyl. These possible bound 
conformations were derived from a distance geometry analysis using 
transfer NOEs as experimental constraints. It is clear that a conformation 
is selected which lies within a part of the conformational space that is 
highly populated in solution. This conformational space also includes the 
conformation found in the crystal structure. Our results provide a basis 
for modeling studies of the antibody-disaccharide complex. 
AB The disaccharide alpha-Kdo- (2 >8) -alpha-Kdo (Kdo: 3 -deoxy-D-manno-oct-2 - 
ulosonic acid) represents a genus-specific epitope of the 
lipopolysaccharide of the obligate intracellular human pathogen 
Chlamydia. The conformation of the synthetically derived disaccharide 
alpha-Kdo- (2-->8) -alpha-Kdo- (2-->0) -allyl was studied in aqueous solution, 
and complexed to a monoclonal antibody S25-2. Various NMR 

experiments based on the detection of NOEs (or transfer NOEs) and ROEs (or 
transfer ROEs) were performed. A major problem was the extensive overlap 
of almost all IH NMR signals of alpha-Kdo- (2-->8) - 
alpha-Kdo- (2-->0) -allyl . To overcome this difficulty, HMQC-NOESY 
and HMQC-trNOESY experiments were employed. Spin diffusion 
effects were identified using trROESY experiments, QUIET-trNOESY 
experiments and MINSY experiments. It was found that. . . effects. At 
800 MHz, intermolecular trNOEs were observed between ligand protons and 
aromatic protons in the antibody binding site. From NMR 



experiments and Metropolis Monte Carlo simulations, it was concluded that 
alpha-Kdo- (2-->8) -alpha-Kdo- (2-->0) -allyl in aqueous solution exists as a 
complex conformational mixture.. 
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AB To study the molecular mechanisms of local anesthesia, locations of local 
anesthetic dibucaine in model membranes and the interactions of dibucaine 
with a Na+ channel inactivation gate peptide have been studied by 2H- and 
IH-NMR spectroscopies. The 2H-NMR spectra of 
dibucaine -d9 and dibucaine-dl , which are deuterated at the 
butoxy group and at the 3 position in its quinoline ring, respectively, 
have been observed in multilamellar dispersions of the lipid mixture 
composed of phosphatidylcholine, phosphatidylserine , and 
phosphatidylethanolamine . 2H-NMR spectra of deuterated 

palmitic acids incorporated, as a probe, into the lipid mixture containing 
cholesterol have also been observed. An order parameter, SCD, for each 
carbon segment was calculated from the observed quadrupole splittings. 
Combining these results, we concluded that first, the butoxy group of 
dibucaine is penetrating between the acyl chains of lipids in the model 
membranes, and second, the quinoline ring of dibucaine is located at the 
polar region of lipids but not at the hydrophobic acyl chain moiety. These 
results mean that dibucaine is situated in a favorable position that 
permits it to interact with a cluster of hydrophobic amino acids 

(Ile-Phe-Met) within the intracellular linker between domains 
III and IV of Na+ channel protein, which functions as an inactivation 
gate. To confirm whether the dibucaine molecule at the surface region of 
lipids can really interact with the hydrophobic amino acids, we 
synthesized a model peptide that includes the hydrophobic amino acids 

(Ac-GGQDIFMTEEQK-OH, MP-1) , the amino acid sequence of which corresponds 
to the linker part of rat brain type IIA Na+ channel, and the one in which 
Phe has been substituted by Gin (MP-2) , and measured IH- 
NMR spectra in both phosphate buffer and phosphatidylserine 
liposomes. It was found that the quinoline ring of dibucaine can interact 
with the aromatic ring of Phe by stacking of the rings; moreover, the 
interaction can be reinforced by the presence of lipids. In conclusion, we 
wish to propose that local anesthesia originates from the pi -stacking 
interaction between aromatic rings of an anesthetic molecule located at 
the polar headgroup region of the so-called boundary lipids and of the Phe 
in the intracellular linker between domains III and IV of the 
Na+ channel protein, prolonging the inactivated state and consequently 
making it impossible to proceed to the resting state. 
AB . . . model membranes and the interactions of dibucaine with a Na+ 
channel inactivation gate peptide have been studied by 2H- and IH 
-NMR spectroscopies. The 2H-NMR spectra of 

dibucaine-d9 and dibucaine-dl, which are deuterated at the 

butoxy group and at the 3 position in its quinoline ring, respectively, 

have been observed in multilamellar dispersions of the lipid mixture 



composed of phosphatidylcholine; phosphatidylserine, and 
phosphatidylethanolamine. 2H-NMR spectra of deuterated 

palmitic acids incorporated, as a probe ; into the lipid mixture containing 

cholesterol have also been observed. An order parameter, SCD, . 

situated in a favorable position that permits it to interact with a 

cluster of hydrophobic amino acids (Ile-Phe-Met) within the 

intracellular linker between domains III and IV of Na+ channel 

protein, which functions as an inactivation gate. To confirm whether the. 

rat brain type IIA Na+ channel, and the one in which Phe has been 
substituted by Gin (MP-2) , and measured IH-NMR spectra 

in both phosphate buffer and phosphatidylserine liposomes. It was found 
that the quinoline ring of dibucaine can interact with. . . an 
anesthetic molecule located at the polar headgroup region of the so-called 
boundary lipids and of the Phe in the intracellular linker 
between domains III and IV of the Na+ channel protein, prolonging the 
inactivated state and consequently making it impossible. 
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AB We have employed site-directed mutagenesis to investigate the contribution 
of a conserved arginyl residue to the catalytic activity and cofactor 
affinity of D-serine dehydratase, a model pyridoxal 5 ' -phosphate (vitamin 
B6) enzyme. Replacement of R-120 in the active site peptide of D-serine 
dehydratase by L decreased the affinity of the enzyme for pyridoxal 
5 ' -phosphate by 20 -fold and reduced turnover by 5-8-fold, kappa cat 
displayed modified substrate alpha -deuterium isotope effects and 
altered dependence on both temperature and pH. Analysis of the pH rate 

profiles of DSD and the R-120 L variant indicated that R-120 interacts 

electrostatically with catalytically essential ionizable groups at the 
active site of wild type D-serine dehydratase. The decrease in cofactor 
affinity observed for DSD(R120L) was not accompanied by significant 
perturbations in the UV, CD, or 31P NMR spectrum of 

the holoenzyme, suggesting that the contribution of R-12 0 to pyridoxal 
phosphate affinity may be indirect or else involve an interaction with a 
cofactor functional group other than the 5 ' -phosphoryl moiety. The 
properties of two other site-directed variants of D-serine dehydratase 
indicated that the pyridoxal 5 ' -phosphate : K- 118 Schiff base was 
indifferent to a small change in the shape of the side chain at position 

117 (1-117 L) , whereas replacement of K-118 by H resulted in 

undetectable levels of enzyme. A poor ability to bind cofactor may have 
rendered DSD(K118H) susceptible to intracellular proteolysis. 
AB . . . the affinity of the enzyme for pyridoxal 5 ' -phosphate by 20-fold 
and reduced turnover by 5 -8- fold, kappa cat displayed modified substrate 
alpha-deuterivun isotope effects and altered dependence on both 
temperature and pH. Analysis of the pH rate profiles of DSD and the. 
dehydratase. The decrease in cofactor affinity observed for DSD(R120L) was 
not accompanied by significant perturbations in the UV, CD, or 31P 
NMR spectrum of the holoenzyme, suggesting that the contribution 
of R-120 to pyridoxal phosphate affinity may be indirect or else involve. 

by H resulted in undetectable levels of enzyme. A poor ability to 
bind cofactor may have rendered DSD(K118H) susceptible to 
intracellular proteolysis. 
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We have employed site- directed mutagenesis to in- 
vestigate the contribution of a conserved argrinyl resi- 
due to the catalytic activity and cof actor affinity of D- 
serine dehydratase, a model pyridoxal 5 '-phosphate 
(vitamin Ba) enzyme. Replacement of R-120 in the 
active site peptide of D-serine dehydratase by L de- 
creased the affinity of the enzyme for pyridoxal 5'- 
phosphate by 20- fold and reduced turnover by 5-8- 
fold. kcM displayed modified substrate a- deuterium iso- 
tope effects and altered dependence on both tempera- 
ture and pH. Analysis of the pH rate profiles of DSD 
and the R-120— »L variant indicated that R-120 inter- 
acts electrostatically with catalytically essential ion- 
izable groups at the active site of wild type D-serine 
dehydratase. The decrease in cof actor affinity ob- 
served for DSD(R120L) was not accompanied by sig- 
nificant perturbations in the UV, CD, or ^'P NMR 
spectrum of the holoenzyme, suggesting that the con- 
tribution of R-120 to pyridoxal phosphate affinity may 
be indirect or else involve an interaction with a cofac- 
tor functional group other than the 5'-phosphoryl 
moiety. 

The properties of two other site- directed variants of 
D- serine dehydratase indicated that the pyridoxal 5'- 
phosphate:K-118 Schiff base was indifferent to a small 
change in the shape of the side chain at position 117 
(1-117— ►L), whereas replacement of K-118 by H re- 
sulted in undetectable levels of enzyme. A poor ability 
to bind cofactor may have rendered DSD(K118H) sus- 
ceptible to intracellular proteolysis. 



The model pyridoxal 5 '-phosphate (PLP)* enzyme D-serine 
dehydratase removes a potent grovrth inhibitor of Escherichia 
coli by converting D-serine to pyruvate and ammonia (1, 2). 
The sequence of the monomeric protein (Afj = 47,920) has 
been determined by both amino acid and DNA sequence 
analysis (3, 4), and the substrate and cofactor specificities of 
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DSD as well as the individual steps of the catalytic pathway 
have been examined in detail (1, 5-14). The only active site 
residues to have been identified, however, are the PLP -bind- 
ing lysyl residue at position 118 (3) and 2 conserved glycyl 
residues (G-279 and G281) that lie in a glycine-rich region 
required for the structural integrity of the cofactor binding 
site (4). 

Chemical modification studies and x-ray diffraction analy- 
sis have shown that several PLP requiring enzymes use argi- 
nyl side chains to bind either the 5'-phosphoryl group of the 
cofactor (7-aminobutyrate aminotransferase (15), glutamate 
decarboxylase (16), and glycogen phosphorylase (17, 18) or a 
carboxylate group of the substrate (aspartate aminotrans- 
ferase (19), tryptophanase (20, 21), and tryptophan synthetase 
jff-subunit (22). Several lines of evidence suggest that one or 
more arginyl residues contribute to the PLP binding site of 
DSD. Chemical modification studies by Kazarinoff and Snell 
(23) showed that apoDSD is inactivated by the arginine 
selective reagents, phenylglyoxal and butanedione, but the 
presence of PLP in DSD holoenzyme affords protection 
against inactivation. ^^P NMR studies of DSD led Schnackerz 
€t al. (24, 25) to propose that an arginyl residue interacts with 
the phosphate group of the cofactor during catalysis, analo- 
gous to the situation in aspartate aminotransferase (19). 

DSD contains 18 arginyl residues, 15 of which lie in a 
portion of DSD (residues 61-431) that shares homology with 
three different threonine dehydratases; biosynthetic and bio- 
degradative L -threonine dehydratase from E. coli and yeast 
biosynthetic L- threonine dehydratase (3, 4, 26-28). Overall 
sequence homology between these four proteins ranges from 
22-28%, whereas specific sub regions display up to 83% ho- 
mology. Among these subregions are the sequence surround- 
ing the PLP -binding lysine and a glycine-rich region about 
120 residues downstream of the PLP binding site (4, 26). 
Arginine is conserved at only one position in the four enzymes; 
however, at a site 2 residues to the carboxyl side of the PLP- 
binding lysyl residue (K-118 of DSD). The conservation of 
R-120 during evolution, its strategic placement near the active 
site lysine, the general implications of the ^^P NMR and DSD 
chemical modification studies (23-25), and the observation 
that an arginyl residue (R-266) near active site K-258 of 
aspartate aminotransferase forms an important ion pair with 
the PLP phosphoryl group (19), together suggested that R- 
120 of DSD might play a role in cofactor binding and/or 
catalysis. 

Site-directed mutagenesis offered a particularly attractive 
approach to investigate the role of R-120. DSD is one of the 
few monomeric PLP enzymes. Thus, structure/activity rela- 
tionships can be evaluated without the complication of sub- 
unit-subunit interactions or the presence of multiple, hetero- 
geneous PLP binding sites (1, 2). In this report, we describe 
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the replacement of R-120 by L and the effect of the substi- 
tution on the cofactor affinity, spectral properties, and cata- 
lytic activity of DSD. DSD(R120L) shows a 5-8-fold decrease 
in Jfecat and an altered dependence of ka>i on both temperature 
and pH. Comparison of the pH rate profdes of the wild type 
enzyme and the R— variant suggests that electrostatic 
interactions exist betv/een R-120 and catalytically essential 
ionizable groups at the active site of wild type DSD. Addition- 
ally, R-120 enhances the affinity of the active site for PLP 
about 20-fold and appears to do so without direct electrostatic 
interaction with the 5'-phosphoryl group of the cofactor. 

MATERIALS AND METHODS 

Chp.micah and Enzymes — DTT and PLP were ordered from Cal- 
biochem or Boehringer Mannheim. EA and /3-mercaptoethanol were 
purchased from Aldrich. D-Serine, L- serine, D-threonine, L-threonine, 
isoaerine, MOPS, EDTA, ampicillin, and glycine were ordered from 
Sigma. Syntheses of D- and l-{2-*H] serine, D-cIio-threonine, d- 
(2-''H]threomne, and D-[2-^H]a£/o-threonine have been described (13). 
^HjO were obtained from ICN Biochemicals, Inc. Tryptone and yeast 
extract for culture media were purchased from Difco. Restriction 
enzymes, T4 DNA ligase, polynucleotide kinase, and DN A polymerase 
I Klenow fragment were obtained from New England Biolabs, and 
[a-^*S]thio-dATP (>1000 mCi/mmol) and [7-"PlATP (>1000 mCi/ 
mmol) were purchased from Amersham. All other reagents were 
analytical grade. 

Bacterial Strains, Plasmids, and Bacteriophages — Expression plas- 
mid pTC-21 (ampR dsdA+) used as the template for mutagenesis 
contains the structural gene for wild type DSD {dsdA) fused to the 
tac promoter of plasmid ptacl2 (4). Derivatives of pTC-21 created by 
mutagenesis were designated pTC-Rl20L, pTC-KUSH, and pTC- 
I117L to denote the DSD amino acid replacement. Bacteriophage 
Ml3mpl9 used for subcloning and sequencing of mutagenized dsdA 
was purchased from Betheada Research laboratories, and E. coU 
JMlOl {supE thi lac- proAB F' traD36 lacIqZ MIS) used as the host 
strain for both plasmids and MIS phage derivatives was the generous 
gift of Dr, Dale Oxender (University of Michigan). Cultures were 
grown in LB medium (29) or LB supplemented with 45 /xg/ml ampi- 
cillin. 

Recombinant DNA Procedures— The in vitro recombinant DNA 
techniques outlined by Maniatis et al (29) were used for routine DNA 
manipulations. Dideoxy sequencing was performed with Sequenase 
(United States Biochemical Corp.)* using the protocol supplied with 
the enzyme. The mutagenic oligonucleotides shown in Fig. 1 were 
synthesissed on an Applied Biosystems Model 380A DNA synthesizer, 
purified by preparative gel electrophoresis and 5'-phospho- 
rylated with polynucleotide kinase prior to use. 

Site -directed mutagenesis was performed by the plasmid hetero- 
duplex method described by Inouye and Inouye (30). Plasmid pTC- 
21 was linearized with Pst\ or treated with jEcoRI and Ava\ and 
purified by gel electrophoresis to remove a 0.7-kilobase pair target 
region prior to heat denaturation and annealing of the mutagenic 
oligonucleotide. JMlOl transformants were screened for the presence 
of the mutation by colony hybridization to the appropriate *^-labeled 
oligonucleotide mutagen (30). Plasmid DNA was purified from clones 
that gave 0 positive hybridization signal, and the O.T-kilobase pair 
Ec6\i\lAva\ target fragment was isolated and sequenced in both 
directions. After verifying that only the desired nucleotide change 
was present, the fragment was subcloned back into pTC-21 from 
which the corresponding wild type 0.7-kilobase pair Eco^lfA\)a\ 
fragment had previously been removed. The resulting expression 
plasmids. pTC-Rl20L, pTC-Kll8H, and pTC-I117L. were used to 
produce the DSD protein variants in JMlOl . 

Enzyme Purification and Steady State /Cme/iC5— Enzymes were 
purified in the presence of 80 fiM PLP and assayed for activity with 
D-serine as previously described (4). and for D-serine, D- 
threonine, D-a/fo-threonine, L-serine, and their deuterated counter- 
parts were determined from the dependence of the initial velocity on 
substrate concentration at 25 "C in 0.1 M potassium phosphate, 4 
PLP, pH 7.8, as described by Federiuk et ai (13) and by Wilkinson 
(31). The dependence of fec«t on temperature (at pH 7.8) and pH (at 
25 *C) was measured in buffered solutions (0.1 M potassium phos- 
phate, pH 6-7.8, 0.03 M potassium pyrophosphate, pH 7.8-9.4, con- 
taining sufficient potassium chloride to maintain an ionic strength of 
0.30) containing 17-18 nM DSD or DSD(R120L) and 40 PLP. At 



each pH or temperature, Km was determined with two concentrations 
of D-serine (11.9 mM and 23.8 mM) to confirm saturating levels of 
substrate. At pH values 6,0 and 9.4 and temperatures of 35 'C and 
45 *C, was also measured at two concentrations of PLP (20 utA 
and 40 ;iJVf) to determine whether a decrease in reaction velocity 
might be attributed to cofactor dissociation from the enzyme. All 
kinetic measurements were recorded on a GCA McPherson spectro- 
photometer equipped with a water-circulated cell holder and temper- 
ature probe. 

Determination of Kp and Kpc the Equilibrium Constants for Dis- 
sociation of PLP and PLP:GLY from DSD^Kp and Kj>o were deter- 
mined in 0.1 M potassium phosphate, 10 mM EDTA. 5 mM DTT, pH 
7.8, as previously described (32). Incubation mixtures for K? deter- 
minations contained 100 nl of -150 >iM DSD(R120L) and 11 ^il of 1- 
2 M EA Incubation mixtures for Kpc determinations consisted of 100 
n\ of enzyme, 0.2-0.5 M glycine, and 0.1 M EA (total volume 110-115 
pA). Free and enzyme-bound PLP were separated by the spun column 
method following a 2-3-h incubation at room temperature (4, 33). 

Spectral Measurements—\J\ and CD spectra were recorded under 
the conditions previously described for analysis of DSD variants 
DSD(G279D) and DSD(G281D) (32). Enzyme samples for "P NMR 
spectroscopy (175-200 /xM in a total volume of -1.0 ml) were equili- 
brated in 50 mM MOPS, 2 mM EDTA. 1 raM DTT adjusted to pH 
6.6 or pH 7.8 (±) 0.02 with 1 M HCl or 1 m NaOH. Buffers for NMR 
spectroscopy were treated with Chelex 100 (100-200 mesh, Bio-Rad) 
prior to use, and 1% ^HjO was added as a deuterium lock signal. The 
pH of the sample was checked before and after obtaining each NMR 
spectrum. UV spectra and assays of enzyme activity confirmed that 
both enzymes were catalytically competent in each of the buffers 
employed for the NMR experiments, 

'*P NMR spectra were recorded at 25 *C on a General Electric 
GN500 NB spectrometer using the ^'P chemical shift of 85% H3PO4 
as an external reference. Samples were placed in lO-mm flat bottom 
NMR tubes fitted with a Teflon plug and observed at 202 MHz using 
a 10- mm broad band probe. Pulse widths were less than or equal to 
60% and the recycle time was about 1 s. 30,000 to 80,000 acquisition 
scans (8,192 data points) were recorded over a spectral width of 8,000 
Hz. Data were processed with an added exponential line broadening 
of 13 Hz, assuming a Lorentzian line shape for the purpose of curve 
and line width analyses and the deconvolution program (General 
Electric GENCAP program). GENCAP was run on a Nicolet 1280 
computer. 

RESULTS AND DISCUSSION 

The sequences of the oligonucleotide mutagens used to 
produce the DSD variants DSD(Rl20L), DSD(I117L), and 
DSD(K118H) are shown in Fig. L Expression vector ptacl2 
was used for mutagenesis of a 1.5-kilobase pair dsdA insert 
by the heat denaturation/reannealing technique (30) and for 
subsequent expression of the variant DSD proteins in E. coli 
JMlOl. The desired mutations were identified by colony 



Wild type sequence 




tDSD 114-123) S*.. TCC GGC TCC ATA AAA GCA CGC GGC GGG ATT... 3' 
Replacement ; 

ilell?— >leu 3' . . .G AGG TTT CGT GCG C. . . 5' 

lyslie— >1MS 3'...G AGG TAT fiTA CGT GCG C.S' 

argi20">leu 3* . . .TTT CGT G&G CCC CCC T. . . 5' 

Fig. 1. Oligonucleotide- directed mutagenesis of dadA* 

Expression plasmid pTC-21 (4) is a derivative of ptacl2 containing a 
1.5-kilobaae pair JJsal/Him:!! fragment encoding wild type DSD. DSD 
is expressed upon induction of the tac promoter (indicated by the 
arrow) with i8opropyl-l-thio-)3-D-galactopyranoside. Variants of 
pTC-21 were created as described under "Materials and Methods" 
using the oligonucleotides shown above. The PLP -binding lysine in 
the wild type amino acid sequence is marked with an asterisk, and 
the nucleotide substitution (s) introduced by mutagenesis are under- 
lined. 



Site-directed Mutagenesis of D-Serine Dehydratase 



2755 



hybridization of JMlOl transformants to the appropriate ^^P- 
labeled oligonucleotide mutagen and confirmed by DNA se- 
quencing. DSD(R120L) and DSD(I117L) were expressed at 
levels comparable to the wild type enzyme (—7-8% of the 
soluble protein (4)) and were purified to >95% homogeneity 
as judged by 9% reducing sodium dodecyl sulfate -polyacryl- 
amide gel electrophoresis. Both co- migrated with wild type 
DSD at an Mr of -48,000. DSD{K118H) protein was not 
detected. Since wild type apoDSD is known to be susceptible 
to proteolysis (1, 5), it is possible that apoDSD(K118H) was 
unable or only poorly able to bind PLP and was thus rendered 
susceptible to intracellular degradation.^ The cofactor affinity, 
spectral properties, and catalytic activity of purified 
DSD(I117L) were identical with those of wild type DSD. 
Since PLP binding and catalytic activity are extremely sen- 
sitive to subtle perturbations in cofactor structure (5, 6, 14), 
the indifference of PLP:K-118 to the shape of the adjacent 
side chain suggests that K-118 exists in an extended confor- 
mation similar to that determined for aspartate aminotrans- 
ferase (19) and glycogen phosphorylase (18), wherein the 
lysyl-linked cofactor lies outside of van der Waals contact 
with M17. 

R-120 contributes both to cofactor affinity and to DSD 
catalysis, although it does not appear to be an essential 
residue. Replacement of R-120 by L yielded a partially active 
enzyme that displayed a 20-fold decrease in affinity for PLP. 
The equilibrium constant (Kp) for the dissociation of PLP 
from DSD(R120L) was 2.4 (± 0.4) fiM versus 0.12 (± 0.01) 
for wild type DSD. This finding strongly suggests that R- 
120 contributes to PLP binding, either through direct inter- 
action with the cofactor or by stabilizing a protein confor- 
mation that enhances the affinity of the active site for PLP. 
The spectral properties of the VEwiant did not distinguish 
between these possibilities, however. The UV and CD spectra 
of DSD (R120L) were similar to those of wild type DSD, 
suggesting that the variant binds PLP via the normal Schiff 
base linkage and retains those noncovalent interactions re- 
sponsible for constraining the imine-linked cofactor asym- 
metrically. Direct electrostatic interaction between R-120 and 
the 6'-phosphoryl group of PLP appears unlikely. The "P 
NMR spectra of the variant and wild type holoenzymes were 
virtually indistinguishable at both pH 6.6 and pH 7.8, sug- 
gesting that the pK of the phosphate (—6.2 (24)) was unper- 
turbed by the R— >L replacement. 

It was possible that R-120 contributed importantly to PLP 
binding only during catalysis, when the covalent linkage be- 
tween cofactor and protein is broken. Schnackerz et al. (24, 
25) have proposed that transimination, the initial catalytic 
step wherein the PLP:K-118 Schiff base is transferred to the 
a-amino group of an incoming substrate amino acid, induces 
formation of a salt linkage between the phosphate group of 
PLP and an arginyl residue. This noncovalent linkage then 
anchors the cofactorramino acid Schiff base to the active site 
during catalysis (24). We were thus particularly interested in 
determining how the R— replacement affected several pa- 
rameters associated with the transimination process. 

Previous studies have shown that wild type DSD displays 



^It is interesting to note that an active site variant of E. coli 
aspartate aminotransferase in which the active site lysine was 
changed to alanine yielded a stable protein that retained the ability 
to bind PLP via noncoalent interactions (34, 35). Replacement of K- 
1 18 by a residue that minimally perturbed the structure of the DSD 
active site might similarly permit retention of PLP by noncovalent 
interactions. An active site variant of this type would be useful for 
quantifying the contribution of the Schiff base linkage to the overall 
affinity of the active site for PLP and the contribution of K-llS to 
catalysis. 



a 10-fold increase in fluorescence upon transimination by 
several a-amino acids (36). This characteristic fluorescence 
enhancement has been attributed to the conformational 
change required to expel the active site lysyl residue and lock 
the newly formed PLP:amino acid Schiff base into the active 
site for catalysis (13, 36). In addition, the equilibrium constant 
{Kvxi) for dissociation of the PLP:amino acid Schiff base from 
the active site quantifies the strength of the noncovalent 
interactions that bind the transimination complex to the 
active site (32, 36, 37). If R-120 formed an important inter- 
action with the PLP phosphoryl group or the substrate car- 
boxyl group upon transimination, then loss of this anchoring 
interaction in the R-^L variant should be reflected in an 
increased value of Kpxi (relative to Kp) and a decrease in 
substrate-induced fluorescence. In the presence of the amino 
acid glycine, however, the degree of fluorescence enhancement 
was similar to that observed for wild type DSD and the ability 
of DSD(R120L) to bind the PLP:glycine Schiff base via 
noncovalent interactions was not selectively impaired.^ The 
ratio of the equilibrium constant (Kpo) for dissociation of 
PLPrGLY and the equilibrium constant {Kp) for dissociation 
of uMcomplexed PLP was -2,8 for wild type DSD (Kpg-Kp = 
0.34 ^M/0.12 ^M) and -1.5 for the variant (3.7 tiM/2A mM).' 
Thus, the R^L replacement did not impair the ability of the 
active site to retain PLP:GLY by noncovalent interactions to 
a greater extent than the replacement impaired the binding 
of uncomplexed PLP (via both covalent and noncovalent 
interactions). If an arginyl residue does serve to anchor the 
PLP phosphate group or the carboxyl group of a substrate 
amino acid upon transimination, the fluorescence properties 
of DSD(R120L) and the Xpc:Kp ratio suggest that it is not 
the single arginine conserved between the threonine dehydra- 
tases and DSD. 

The turnover number of DSD(R120L) is about 5-fold lower 
than that of wild type DSD with the substrates D -serine, L- 
serine, and D-threonine and about 8-fold lower with D-alb- 
threonine (Table I). The decrease in feat may reflect pertur- 
bation of one or more of the rate and equilibrium constants 
that define a catalytic pathway involving at least 10 discrete 
steps and 9 enzyme-bound intermediates. The magnitude of 
a substrate a-deuterium isotope effect on feat yields an esti- 
mate of the degree to which one of these steps, removal of the 
substrate proton at C-2, limits turnover (13). Previous studies 
have shown that this isotope effect, as well as the rate- 
deter mining step(s) in catalysis, vary with the substrate (13). 
For example, the isotope effect of 1.1 for D -serine and D- 
threonine (Table I) indicates that removal of the C-2 proton 
from these substrates is considerably faster than the step(3) 
limiting their rate of conversion to products. The correspond- 
ing values of 1.3 and 1.4 observed for DSD(R120L) suggest 
that a step or steps other than removal of the C-2 proton 
must account for the 5- fold decrease in fe.t observed for D- 
serine and D-threonine. Replacement of R-120 by L did 
significantly alter the ot-deuterium isotope effect on feat for 
the DSD substrates D-a//o-threonine and L-serine, however 
(Table I). The isotope effect on fe,t for L-serine decreased 
from a near maximum value of 8.7 to 5,2, indicating that 



^Unlike the PLP:D-serine Schiff base, the enzyme-bound 
PLP:glycine transimination complex is not further processed by DSD 
(36). This feature permits both fluorescence spectra and determina- 
tion of the equilibrium constant (Kpc) for dissociation of PLP.GLY 
from the active site <32, 36). 

*The small reduction in the affinity of both proteins for the 
PLP: ami no acid complex relative to their affinity for PLP suggests 
that loss of the covalent linkage upon transimination is not fully 
compensated for by an increase in noncovalent interactions between 
DSD and the PLP:amino acid Schiff base (32, 37). 
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Table I 

Steady state kinetic parameters and C~2 deuterium isotope effects for OSD and 
DSD(Rl20L)-catalyzed reactions 
Substrate C-2 deuterium isotope effects for k^x and are given in parentheses as the quotient of or Km for 
substrate with a hydrogen at C-2 and the corresponding value for substrate with a deuterium atom at C-2. All 
measurements were performed in 0.1 M potassium phosphate, 4 PLP, pH 7.8, 25 *C, as described under 
"Materials and Methods." 



Substrate 










10^ X KJKr. 




Wild type 


R120L 


Wild typ« 


R120L 


Wild type R120L 


Wild type 


R120L 










mM 








D-Serine 


105 (1,1) 


23 (1.3) 


0.38 (0.9) 


0.17 (1.3) 


280 135 


1.0 


1.0 


D-Threonine 


14 (1.1) 


2.5 (1.4) 


0.77 (0.7) 


0.87 (0.8) 


18 2.8 


0.065 


0.021 


n-fl/to-Threonine*' 


0.85 (3.7) 


0.10 (7.2) 


1.3 (0.6) 


1.0 (0.5) 


0.66 0.10 


2.3 X 10"^ 


7.4 X 10"' 


L-Serine 


0.10 (8.7) 


0.021 (5.2) 


3.5 (1.1) 


4.5 (0.7) 


0.031 5.0 X 10-= 


1.1 X 10-' 


3.7 X 10-' 



• Relative to D-serine. 

* The Ac.t and for wild type DSD are 2 -fold less than those previously reported for this substrate (13). 
The reason for the discrepancy is not clear. 




3.3 3.4 3.5 3.6 3.7 
1000/T 

Fig. 2. Temperature dependence of k^tx. for DSD and 
DSD(R120L). Initial velocity was measured in 0.1 M K2HPO4, 40 
/iM PLP, pH 7,8, as described under "Materials and Methods." The 
values of fec.t were not affected by halving the PLP concentration or 
the D-serine concentration. DSD; O, DSD(R120L)). 

removal of the a -proton, normally the slowest step in the 
conversion of L-serine to pyruvate and ammonia, is consid- 
erably faster (relative to the other steps) in catalysis of this 
substrate by DSD(R120L). In contrast, the R— >L replacement 
significantly reduced the relative efficiency of proton removal 
from D-a//o-threonine, as shown by the doubling of the isotope 
effect on (3.7— ♦7.2). These findings suggest that the 5-8- 
fold decrease in turnover number observed for DSD(R120L) 
reflects differential perturbation of one or more rate-control- 
ling steps of catalysis rather than a uniform decrease in the 
efficiency of all the steps, as might be expected if there existed 
a larger proportion of enzyme in a catalytically inactive con- 
formation. If the latter were true, the active fraction of 
DSD(R120L) should proceed through the catalytic cycle in a 
normal fashion and display isotope effects identical with those 
of wild type enzyme. 

The temperature dependence of kcmx can be described by the 
linear relationship 

In fe«t/r = -C^m/RT + A5t//2 - In kT/h 

for the simple case in which the rate-controlling step does not 
change with temperature (where fe, A/ffi fli^d ASt represent 
Boltzmann's constant, Planck's constant, and the standard 
enthalpy and entropy of activation, respectively). The nonlin- 
ear Eyring plots for the temperature dependence of /?c«t for 




6.0 6.5 7.0 7.5 8.0 6.5 9.0 9.5 
PH 

Fig. 3. pH dependence of for DSD and DSD(R120L). 

fecrt for each pH value was determined by measuring initial velocity 
at 25 'C immediately after diluting a stable (pH 7.8) stock solution 
of enzyme into the assay buffer, as described under "Materials and 
Methods." The values of fe«,t were not affected by doubling the PLP 
concentration or the D-serine concentration. The data were fitted to 
a model for ionization (Equation 1) assuming that (i) the reactivity 
of DSD and DSD(K120L) are controlled by the protonation state of 
two ionizable groups, and (ii) enzymic activity requires protonation 
of one group and deproto nation of the second. The solid lines were 
determined by Equation 1 with k^^ V^u and pK2 set to 115, 7.1, and 
9,0 for DSD and 47, 7.6. and 9.2 for DSD(R120L). □, DSD; O, 
DSD(R120L). 

DSD and DSD(R120L) shown in Fig. 2 suggest that both 
enzymes undergo a change in the rate-determining step with 
temperature. The break in the curve occurs around 19 *C for 
the wild type enzyme and 13 "C for the variant. In the phys- 
iological temperature range (^19-40 *C), the rate-determin- 
ing step for the conversion of D-serine to pyruvate and am- 
monia is normally the decomposition of the enamine inter- 
mediate a-aminoacrylate (10). Interestingly, the lower slope 
of the curve for DSD(R120L) in this temperature range 
indicates that the R— *L replacement favorably affected the 
activation enthalpy for this step (Fig. 2). Alternately, the rate- 
determining step itself may have changed to one with a lower 
activation enthalpy. Among the simplest explanations for the 
favorable effect of the amino acid replacement on activation 
enthalpy is the loss of a hydrogen bond or other interaction 
in DSD(R120L) that must be broken in the wild type enzyme 
(or E:S complex) before catalysis can occur. Since the replace- 
ment has a favorable effect on activation enthalpy, but an 
overall negative effect on the turnover number, the increase 
in activation energy (AGt) must reflect a less favorable en- 
tropy of activation for DSD(R120L). Although hydration 
volume and other factors can significantly influence ASt (38), 
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the unfavorable change in activation entropy might reflect 
loss of an interaction that contributes to proper orientation 
of enzyme and substrate for reaction. 

In contrast to the altered activation enthalpy observed for 
DSD(R120L) in the physiological temperature range, the 
parallel curves observed in the range from 0-13 'C suggest 
that the R— ♦L replacement did not alter the activation en- 
thalpy for catalysis at low temperature (Fig. 2), The displace- 
ment of the ^f-intercept for DSD(B120L) again indicates a 
less favorable activation entropy for reaction, however. The 
thermal stability of DSD was not significantly perturbed by 
the R— *L replacement, with denaturation occurring --'40 'C 
in each case (Fig. 2).* 

Comparison of the pH rate profiles of DSD and 
DSD(R120L) suggests that a major contribution of R-120 to 
the catalytic efficiency of DSD is the influence of its positive 
charge on the pK values of catalytically essential residues 
(Fig. 3). The pH optimum for catalysis of D-serine shifted 
from 8,0 for wild type DSD to 8.5 for DSD(R120L). To 
quantify the effect of the R-*L replacement on the ionization 
state of catalytically important groups, the data in Fig. 3 were 
fitted to Equation 1, which assumes that (i) the reactivity of 
the enzyme:substrate complex is controlled by the protonation 
state of two ionizable groups, and (ii) in the active form of 
the enzymersubstrate complex, one of the groups must be 
protonated and one deprotonated: 

= kU/(l + [H]/K, + K,/[H]) (1) 

where kcat is the value of k^^t when the ionizable groups 
affecting activity are in their catalytically active prototropic 
states and Ki and K2 are the acid dissociation constants of 
the two groups.^ The fit of Equation 1 to the observed pH 
dependence of kctt indicates that the R-120— ♦L replacement 
increased pKi from 7.1 to 7.6 and pKz from 9.0 to 9.2. The 
simplest explanation for these pX perturbations is close prox- 
imity of the side chain at position 120 to the catalytically 
important groups, a structural arrangement that would allow 
electrostatic interaction between R-120 and these ionizable 
groups at the active site of wild type DSD. 

In summary, our results indicate that the single arginyl 
residue that is conserved between DSD and the threonine 
dehydratases contributes both to DSD catalysis and to cofac- 
tor affinity, but is not an essential residue. R-120 enhances 
the affinity of the active site for PLP about 20-fold, but does 
not appear to interact with the 5' -phosphate group of PLP or 
the carboxyl group of a PLPramino acid substrate complex. 
DSD(Rl20L) displayed a 5-8 fold reduction in turnover, 
altered substrate a-deuterium isotope effects, and altered 



^ Consistent with this interpretation, the initial velocity of product 
formation rapidly decreased with time when the enzymes were incu- 
bated above 40 "C. 

® Equation 1 is an oversimplification of the pH dependence of Jfee«t» 
since it neglects the possibility that changes in the rate -determining 
sl€p with pH could perturb the values of Ki and (39). 



dependencies of kctt on temperature and pH. The specific 
perturbations indicate that the R— ►L replacement (i) differ- 
entially rather than uniformly perturbed the efficiency of 
rate-controlling steps, (ii) lowered the activation enthalpy for 
catalysis, either by decreasing A/ff for the step that normally 
controls turnover or else by changing the rate -determining 
step, and (iii) increased the pX values of at least two catalyt- 
ically essential ionizable groups. Further studies are underway 
to establish the identify and function of these ionizable 
groups. 
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Expressed protein ligation is a novel protein semi- 
synthesis method that permits the in vitro ligation of a 
chemically synthesized C-terminal segment of a protein 
to a recombinant N-terminal segment fused through its 
C terminus to an intein protein spUcing element. In 
principle, the practical convenience of this method, 
combined with the expanded opportunities in protein 
engineering that it provides, makes it well suited for 
probing the molecular basis of complex processes such 
as transcription. Here we describe the successful appli- 
cation of expressed protein ligation to the —600 amino 
acid cr'** subunit of Escherichia coli RNA polymerase. 
The resulting semi-synthetic o-^** constructs are shown 
to be fully functional and have been used to map the 
binding region of the bacteriophage T4 anti-sigma pro- 
tein, AsiA, to within amino acids 567-600 of (P^, The 
success of these semi-synthesis studies sets the stage for 
the future generation of semi-synthetic o*^'^ molecules in 
which unnatural amino acids and biophysical probes 
are site-specifically incorporated in the RNA polymer- 
ase complex. 



It is becoming increasingly clear that regulation of transcrip- 
tion involves protein-protein contacts between RNA polymer- 
ase and transcription factors (1). Characterization of these 
interactions, at the molecular level, is a prerequisite to fully 
understanding transcription mechanism and regulation. The 
ability to site-specifically incorporate unnatural amino acids 
(containing biophysical or biochemical probes) into the protein 
components of the transcription apparatus would greatly aid 
the study of these complex macromolecular machines. 

Recent years have seen the development of a number of 
methods designed to allow the incorporation of unnatural 
amino acids into proteins (2-6). These approaches include in 
vitro protein expression (3), site- specific protein modification 
(4, 5), and protein total synthesis (6). Although powerful, each 
of these techniques has associated with it certain practical or 
synthetic limitations which have to some extent restricted their 
widespread application. Total chemical 3301 thesis, which pro-* 
vides unparalleled freedom to manipulate protein structure. 



* This work was supported by Burroughs Wellcome Fimd Career 
award in the Biomedical Sciences, and the start up funds from the 
Waksman Institute (to K. S.), National Institutes of Health Grant 
GM55843-01 (to T. W. M), and by a Pew Scholarship in the Biomedical 
Sciences (to T. W. M). The costs of publication of this article were 
defrayed in part by the pa3TTient of page charges. This article must 
therefore be hereby marked ^advertisemenf in accordance with 18 
U.S-C. Section 1734 solely to indicate this fact. 

§ To whom correspondence may be addressed: Waksman Institute, 
Rutgers, the State University of New Jersey, 190 Frelinghuysen Rd., 
Piscataway, NJ 08854. 

II To whom correspondence may be addressed: Rockefeller University, 
1230 York Ave., New York NY 10021. 



has been dominated in recent years by the use of chemical 
ligation techniques (7-13). Among these, the "native chemical 
ligation" approach by Kent et al (14) has proven a particularly 
useful route to sjTithetic proteins. In this process, an N-termi- 
nal cysteine-containing peptide is chemically ligated to a pep- 
tide possessing a C-terminal thioester group with the resultant 
formation of a normal peptide bond at the ligation site. Despite 
the generality of the ligation chemistry, the strategy has been 
constrained by the need to generate the peptide building blocks 
using stepwise solid phase peptide sjmthesis (SPPS).^ The size 
limitations imposed by this requirement have restricted the 
application of native chemical ligation to the study of small 
proteins and protein domains (6). 

Protein semi-synthesis, in which synthetic peptides and pro- 
tein cleavage fragments are linked together, offers an attrac- 
tive route to the generation of large protein analogs containing 
unnatural amino acids (15). The utility of existing semi-sjm- 
thesis strategies is, however, tempered by the need to have 
unique chemical or enzymatic cleavage sites at the appropriate 
position within the protein of interest. The recently introduced 
expressed protein ligation technique directly addresses these 
limitations by providing a general way of chemically attaching 
synthetic peptides (via a putative native chemical ligation step) 
to the C terminus of recombinant proteins without the need to 
perform any intervening fragmentation steps (2). Here we re- 
port the results of model studies designed to explore further the 
chemical mechanism of expressed protein ligation. Insights 
gained from this preliminary work were then successfully ap- 
plied to the generation of a functional semi-synthetic version of 
the 613 residue (P^ subunit of Escherichia coli RNA 
polymerase. 

EXPERIMENTAL PROCEDURES 

Cloning, Expression, and Purification of Proteins — The plasmid 
pCYB2_o-5oo_j56c, which expresses a 6 6 -amino acid fragment of o- fused 
to intein-CBD from an isopropyl-l-thio-)3-D-galactopyranoside-inducible 
trc promoter, was constructed by polymerase chain reaction amplifica- 
tion of the corresponding fragment of rpoD and recloning it in Ndel- 
Smal-treated plasmid pCYB2 (New England Biolabs). A linker of two 
non-natural amino acids (Ala-Gly) was inserted between the last amino 
acid of (7 (Ile^) and (^s* of the intein. pCYB2_cri_5g(. was constructed 
similarly. The natural Nde\ site at codon 452 of rpoD was removed by 
site-directed mutagenesis to facilitate the cloning. The protein sequence 
remained the same due to degeneracy of the genetic code. The plasm ids 
were transformed into the E. coli XL 1 -blue; cells were grown to mid-log 
phase in 2 liters of LB medium plus 200 ixg of ampiciUin/ml and induced 
with 1 mM iso propyl- l-thio-p-D-galactopyranoside overnight. The ex- 
pression level was low (-1 mg/liter), and we could barely detect the 
band of the overexpressed proteins on SDS gels. 

After recovery by centrifugation, cells were resuspended in 40 ml of 



^ The abbreviations used are: SPPS, soUd phase peptide synthesis; 
Hise-tag, hexahistidine-tag; PAGE, polyacrylamide gel electrophoresis; 
NTA, nitrilotriacetic acid; HPLC, high pressure liquid chromatography; 
Fmoc, iV-(9-fluorenyl)methoxycarbonyl. 
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50 mM Tris-HCl, 500 mM NaCl, 10 mM EDTA, pH 7.9, and lysed by 
passage through a French press, and the lysate was cleared by low 
speed centrifugation. The overexpressed proteins were recovered from 
the cytosolic fraction by affinity chromatography on a 2-ml chltin col- 
umn equilibrated in the same buffer as suggested by the manufacturer. 
The column was washed with 50 ml of buffer, and 25 ml of 0.2 M 
phosphate buffer, pH 7.3, 0.2 M NaCI and drained, and the beads were 
stored as a 50% suspension in the same buffer at 4 °C imtil further use. 

AsiA was purified as described by Severinova et al. (16). Plasmid 
expressing AsiA genetically fused to a C- terminal promoter was pro- 
vided by D- Hinton. The protein was overexpressed in BL21(DE3) cells 
and purified to homogeneity by IMAC. AsiA proteins were concentrated 
using a Centricon 3 centrifugal filter (Amicon) and stored at -20 "C in 
a buffer containing 50% glycerol. 

Synthesis of Peptides — ^All peptides were chemically synthesized ac- 
cording to optimized f-butyloxycarbonyl SPPS (17) and purified by 
preparative reverse-phase HPLC using a Vydac C-18 column. In all 
cases, peptide composition and purity were confirmed by electrospray 
mass spectrometry and analytical HPLC, Fluorescein was attached to 
the €-amino group of the lysine residue in the peptide NH.2-CED- 
NEYTARE-aminocaproate-K-COaH prior to the the final cleavage/ 
deprotection step using a i-butyloxycarbonyl-Lys-e-(NH-Fmoc) orthog- 
onal protection strategy. The construct Hisg-C^ys-ISCHal- 
aminocaproate-o-.j6a_6(x, was prepared by chemically ligating the 
purified, unprotected peptides NH2-His5.Cys-C02H and bromo-acetyl 
(BrAc)aminocaproate-ff56e_eoo using the previously described thioether- 
based chemical ligation strategy (11). 

Protein Ligation — 100-500 /liI of 50% chitin bead suspension was 
combined with various cofactors in the presence or in the absence of 1 
mM synthetic peptide. Cofactors were used at 100 mM concentration 
(dithiothreitol, mercaptoacetic acid, AT-acetylcysteine, and cysteine) and 
1.5% v/v (thiophenol). Reactions were performed in 0.2 M phosphate 
buffer, pH 7.3, 200 mM NaCl (dithiothreitol, thiophenol, and cysteine), 
or 0.5 M phosphate buffer, pH 7.3 (//-acetylcysteine and mercaptoacetic 
acid). All reactions were incubated overnight with gentle agitation and 
then diluted 10-fold with transcription buffer (20 mM Tris-HCl, pH 7.9, 
100 mM KCl, 10 mM MgCy. Model experiments involving o-^oo-^^ca were 
carried out at room temperature. Experiments involving o-^^^q were 
carried out in the cold room, and all buffers were supplemented with 1 
mM phenyl methylsulfonyl fluoride to minimize proteolytic degradation. 
The beads were allowed to settle, and the supernatant was dialyzed 
against two l-liter changes of transcription buffer. The protein was 
then concentrated on a C-30 concentrator (Amicon) to —1 mg/ml, di- 
luted 2-fold with glycerol, and stored at -20 °C. 

Ni-NTA Binding— IQO-^l reactions contained 15 ^l of Ni'-^^-NTA- 
agarose (Quigen), 50-100 pmol of a^^ or a^^ derivative, 200 pmol of 
AsiAHis, 20 mM Tris-HCl, pH 7.9, 100 mM KCl, 10 mM MgCl^. Reactions 
were preincubated for 15 min at room temperature, after which the 
beads were pelleted by brief centrifugation, and the supernatant con- 
taining the unbound material was removed. The beads were then 
washed three times with the same buffer containing 10 mM imidazole, 
pH 8.0, resuspended in 50 til of the buffer containing 100 mM imidazole, 
and incubated for an additional 15 min at room temperature. The 
supernatant containing the bound material was then withdrawn. Ali- 
quots of the reactions were then analyzed on 8—25% Phast gels (Amer- 
sham Pharmacia Biotech) and silver-stained. For transcription reac- 
tions, washed Ni^^-NTA-agarose beads containing cr''° or the ligation 
product immobilized through AsIAhis were treated with an equal vol- 
ume of 7 M guanidine HCl (15 min at room temperature with agitation). 
10 jul of the super natants was removed, diluted to 100 fil with tran- 
scription buffer, and used for transcription reactions. 

In Vitro Transcription — Abortive initiation reactions were performed 
in 20 ^1 of transcription buffer containing 20 nM of either the 123-base 
pair T7 A2 promoter containing DNA fragment (18) or the 150-base pair 
gal PI fragment (19), 40 nM RNAP core enzyme ()3', )3, aaas-dimer), 0.5 
mM CpG (T7 A2) or ApU {gal Pi), and 50 aim a-f^'-^PJCTP (30 Ci/mmol), 
40 mM Tris-HCl, pH 7.9, 40 mM KCl, and 10 mM MgCL^. Reactions were 
supplemented with 5 ^l (^10 pmol) of rj™ or ligation product prepared 
as described above. The amount of cleavage product added to the reac- 
tion was equal to that of a™ or ligation product based on visual inspec- 
tion of stained SDS gels. Reactions proceeded for 15 min at 37 "C and 
were terminated by addition of an equal volume of loading buffer 
containing 6 M urea. Transcription products were analyzed by urea- 
polyacrylamide gel electrophoresis (7 m urea, 20% polyacrylamide), 
followed by autoradiography. 



Table I 



Identification of the express 


ted protein cleavage and ligation products 


Cofactor 


Observed mass 


Calculated 
in ass" 




Da 




Acetylcysteine 






Cysteine 


7314 


7315 


Mercaptoacetic acid 


7286 


7288 


DTT"* 


7211 


7214 


Thiophenol 


7303 


7306 


Thiophenol + NaOH'^ 


7211 


7214 


Synthetic peptide + thiophenol 9023 


9024 



° Average isotope composition. Note, calculation takes into account 
removal of N-terminal methionine from the fragment, as well as the 
observed oxidation of an internal methionine in the sequence to Met(O). 

^ ND, not detected. 

" Reaction with dithiothreitol (DTT) gives the peptide carboxylate as 
the final product. 

Hydrolysis of the phenyl "thioester derivative of the peptide to the 
free acid with 1 N NaOH at 0 "C for 1 min. 

RESULTS 

Rationale — The long term objective of our studies is to ex- 
plore transcription mechanism through the generation of semi- 
synthetic versions of the various subunits of E. coli RNA po- 
lymerase. In the current work, we are interested in 
systematically chemically modifying the C-terminal region of 
the (T^° subunit. Our approach is based around the chemical 
ligation of a synthetic peptide (corresponding to the C-terminal 
region of cr^^) to a recombinant protein constituting the remain- 
der of the <r^^ sequence. Our previous studies have shown that 
the commercially available pCYB expression plasmids (New 
England Biolabs) offer a way of generating recombinant pro- 
teins that are able to participate in ligation reactions with 
synthetic peptides possessing cysteine residues at their N ter- 
minus (2). Since pCYB expression vectors make use of a genet- 
ically manipulated protein splicing system (20), a process 
which has been shown to involve the intermediacy of a thio- 
ester (21), it is presumed that the reaction of the synthetic 
peptide with the recombinant protein goes via native chemicEd 
ligation (14). 

Before attempting the generation of a full size semi-synthetic 
a^^ subunit, a series of model studies were carried out using a 
smaller recombinant fragment of the protein more amenable to 
accurate mass spectrometric analysis. The purpose of these 
studies were 2-fold: (i) to study the chemical mechanism of 
expressed protein ligation, and (ii) to explore the feasibility of 
applying the semi-synthesis approach to the a^^ system. 

Preliminary Studies — As a model system, a short recombi- 
nant fragment corresponding to amino acids 500-566 of the 
613-amino acid long E. coli RNA polymerase <t^° subunit was 
cloned into the pCYB vector. Subsequent overexpression in E. 
coli resulted in the generation of a protein chimera in which the 
desired cr^*^ fragment was C-terminally fused to an intein pro- 
tein splicing element itself linked to a chitin binding domain 
(CBD), included to allow rapid purification by affinity chroma- 
tography on chitin beads (20). 

Our initial investigations focused on the release of the de- 
sired cr^° fragment from the immobiUzed chimera through the 
treatment with various thiol-containing molecules. As can be 
seen from Table I, iV-acetylcysteine was the only agent tried 
that failed to support detectable cleavage of the polypeptide 
from the support. In contrast, dithiothreitol, cysteine, mercap- 
toacetic acid, and thiophenol all caused efficient cleavage of the 
chimeric protein. Analysis of cleavage supernatants by reverse- 
phase HPLC revealed, in all cases, the presence of two main 
peaks. Electrospray mass spectrometry indicated that the first 
HPLC peak (—75% of the total product) corresponded to a 
amino acids 501-566 plus the two C-terminal linker amino 
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acids Ala-Gly (see "Experimental Procedures") and thus had 
the first methionine residue removed. The second, minor peak 
contained the unprocessed product with the first methionine in 
place. The molecular weights of the major processed products of 
the different cleavage reactions are shown in Table I. The 
products of the cysteine, mercaptoacetic acid, and thiophenol 
cleavages had masses consistent with C-terminally derivatized 
polypeptides, whereas the major product of the dithiothreitol- 
mediated cleavage had a free C-terminal carboxyl group. 

Of particular relevance to the mechanism of expressed pro- 
tein ligation is the exact chemical nature of the C-terminal 
group present on the cleavage product following treatment 
with a thiol agent. To investigate this, the major product from 
the thiophenol cleavage reaction was isolated and subsequently 
exposed to elevated pH. This resulted in its clean conversion 
into an earlier eluting form (by HPLC) with a mass exactly 92 
Da less than before. Such a mass change is indicative of the 
hydrolysis of the phenyl oc-thioester derivative of the sigma 
polypeptide back to the free acid. Note, the product of the 
cysteine cleavage reaction was stable to high pH, evidence that 
the initial thioester product had, as expected, rearranged to a 
stable amide. 

Next we evaluated whether the immobilized a^^ frag- 
ment could be chemically ligated to a short sjmthetic peptide 
(NH2-Cys-Glu-Asp-Asn-Glu-Tyr-Thr-Ala-Arg-Glu-aminocapro- 
ate-Lys-c- [fluorescein] -CO2H) containing an N- terminal cys- 
teine to facilitate ligation and a C-terminal fluorescein reporter 
group. Initial studies in which the beads were simply treated 
with a solution containing 1 mM peptide at pH 7.3 were unsuc- 
cessful, and neither ligation nor protein cleavage was detected, 
even after prolonged incubations. The presence of thiol cofac- 
tors can appreciably accelerate native chemical Ugation reac- 
tions both in solution (22) and on solid phase (23). Conse- 
quently, we investigated the effect of thiol co-factors on our 
model ligation reaction (Table I). Consistent with our previous 
findings (2), thiophenol was the only cofactor that supported 
efficient ligation of the synthetic peptide to the recombinant a^^ 
fragment. Inclusion of 1.5% v/v of thiophenol in the ligation 
mixture at pH 7.3 containing the synthetic peptide (1 mM) 
resulted in extremely efficient ligation (>90% after overnight 
incubation) as indicated by HPLC and electrospray mass spec- 
trometry analysis. The ligation product had a mass of 9023 Da 
and thus corresponded to the desired semi-synthetic polypep- 
tide (expected mass = 9024 Da since the masses of cr fragment 
and synthetic peptide were 7215 and 1827 Da, respectively). 
The stability of the ligation product to the high concentration of 
thiophenol present in the ligation buffer confirms the presence 
of an amide linkage (and not a labile-thioester bond) at the 
ligation junction (14, 22), Note that no hgation was detected 
using a control peptide that did not contain an N- terminal 
cysteine residue. 

The absolute requirement of thiophenol as a cofactor taken 
together with the results of our initial cleavage studies, indi- 
cates that the phenyl a-thioester derivative of the cr polypeptide 
is being generated in situ during the reaction and is then 
reacting with the synthetic peptide via a native chemical liga- 
tion reaction. Interestingly, both thiophenol-mediated cleavage 
and ligation reactions were found to follow similar kinetics 
(each taking several hours to go to completion) and are appre- 
ciably slower than is typically observed when using synthetic 
fragments (22, 23). The slow kinetics of the thiophenol-medi- 
ated cleavage/ligation probably reflects the position of the equi- 
librium in the initial A -> S acyl transfer within the chimera. 
Based on the data from these model studies we propose the 
ligation mechanism shown in Fig, 1 in which the highly reac- 
tive phenyl a-thioester derivative of the recombinant pol3T)ep- 
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Fig, 1. Mechanism of expressed protein ligation. The protein or 
protein fragment of interest is expressed as an intein-CBD fusion using 
the pCYB cloning vector. Following affinity purification, exposure of the 
immobilized fusion protein to a combination of thiophenol and synthetic 
peptide results in native chemical ligation of the peptide to the protein. 
Thiophenol is key to this process since it generates the reactive phenyl 
of-thioester derivative of the protein in situ. 



tide is produced in situ during the ligation process. Once gen- 
erated this derivative will quickly and irreversibly react with 
the synthetic peptide to give the final product, thus generating 
a reaction sink. 

Preparation of a Semi- synthetic cr^^ Derivative — We next in- 
vestigated whether a functional semi-synthetic a-^^ could be 
obtained by expressed protein ligation. Genetic and biochemi- 
cal data indicate that in the context of bacterial RNA polym- 
erase holoenzyme, protein-DNA contacts between the evolu- 
tionary conserved C-terminal region 4.2 of and the -35 
promoter element are crucial for promoter recognition (24-26). 
In addition, protein-protein contacts between cr region 4.2 and 
transcription factors are crucial for transcription activation 
(27, 28). Thus, we decided to focus our efforts on the semi- 
synthesis of a a'^^ analog containing a chemically synthesized 
region 4.2. A recombinant protein containing the first 566 
amino acids of 0-"^° fused to intein-CBD was used in the ligation 
reaction. This fragment was chosen because the region of a^^ 
defined by residues 560-570 is evolutionarily variable in 
length and sequence (29) and is likely to tolerate a non-natural 
cysteine introduced as a result of ligation. Sequence compari- 
sons also indicate that region 4.2 does not extend past o-^^ 
His^° on the C-terminal side (29). Based on these data, a 
34- residue peptide was synthesized that corresponded to amino 
acids 568-600 of cr^® with an additional cysteine residue at the 



16208 



Chemical Ligation of Expressed Proteins 



B 



a/0— 




O 0 o 

O 0) Q> 



o o o 

a; gj 0) 

o o o o 

o o o u 



K AsiAttu 

2 46 8 101214 
13 5 7 9 11 13 IS 





1 2 3 4 



12 3 4 



Fig. 2. A, binding of full-length a^^ and the ligation product (ct^*^, but not the cleavage product (o-*^*^"), to immobilized AsiA^is by the Ni^"^ 
co-immobilization assay. The indicated proteins were loaded onto Ni^'^-NTA-agarose beads (L), and the unbound protein was removed (F). The 
beads were extensively washed, and the bound protein was eluted with buffer containing 100 mM imidazole iE). The protein fractions were analyzed 
by SDS-PAGE on an 8-25% Phast-Gel (Amersham Pharmacia Biotech). A contaminating band (o^) in the cleavage and ligation products lanes 
results from an uncharacterized proteolytic event during ligation/cleavage reactions and does not associate with AsiA,^ (lanes 11 and 12). B, 
full-length cr™, a^^, and (f^'^^ support promoter-dependent transcription by E. coli RNA polymerase core on an extended - 10 type promoter. RNA 
polymerase holoenzyme was reconstituted from RNA polymerase core and the indicated (t proteins, and abortive initiation reaction was performed 
on t\v&gal Pi promoter in the presence of 0.5 mM ApU and 50 jllm a-P^P]CTP (30 Ci/mmol). Reaction proceeded for 15 min at 37 **C, and reaction 
products were resolved by PAGE. An autoradiogram of a 20% urea gel is presented. C, full-length (P^ and o^*^, but not o*^*^^ support promoter- 
dependent transcription by E. coli RNA polymerase core on a — 10/— 35 type promoter. RNA poljnnerase holoenzyme was reconstituted as in B, and 
abortive initiation reaction was performed on the T7 A2 promoter in the presence of 0.5 mM CpG and 50 /xM a-[^'^P]CTP (30 Ci/mmol). Reaction 
products were resolved and analyzed as in B. 



N terminus to promote ligation. Chemical ligation of the syn- 
thetic 34-mer to the 568-residue recombinant protein (residues 
1-566 of o-^° + Ala-Gly) was carried out using the general 
conditions described above. As a control, a second reaction was 
performed in the absence of the synthetic peptide and thus 
should have contained the cleavage product only. Analysis of 
the crude reaction mixtures by SDS-PAGE showed the pres- 
ence of the expected --70- and ~65-kDa bands in the ligation 
and control reactions, respectively (Fig. 2A). As in the model 
studies, the crude Ugation reaction was essentially free of un- 
ligated material, although the mixture did contain a contami- 
nant band at around 55 kDa (labeled on Fig. 2A, see 
below). 

Semi-synthetic o-^^ Is Functional — The bacteriophage T4 
anti-sigma protein, AsiA, engineered with a C-terminal hexa- 
histidine tag was used in a Ni^'*"-NTA-agarose co-immobili- 
zation assay to investigate the binding of the ligation prod- 
uct, the cleavage product, and the full-length recombinant 
cr*^° to AsiA (Fig. 2A). A mixture of AsiAjjia and recombinant 
cr^° was loaded onto Ni^"^-NTA-agarose beads {lane 4), and 
the unbound material was removed (lane 5). The beads were 
subsequently washed with 10 mM imidazole buffer and then 
eluted with 100 mM imidazole buffer. Both a^^ and AsiA^is 
were found in eluted fractions (lane 6). Since recombinant (7^° 
in the absence of AsiAnis did not interact with the beads {lane 
5), we conclude that (t^° was retained on the beads through 
direct protein-protein interaction with AsiAjjia, as expected 
(16). When a mixture of AsiAnia and the cleavage product, 
containing the first 566 amino acids of a^^j was loaded onto 
Ni^+.NTA-agarose beads {lane 7), all of the (t^^ fragment 
appeared in the unbound fraction {lane 5), whereas an anal- 
ogous experiment with the ligation product indicated inter- 
action of the semi-synthetic 602-amino acid long tr^° deriva- 
tive with AsiAjjig {lane 12). In the absence of AsiAjjia, semi- 
synthetic cr'^^ did not interact with the Ni^'*'-NTA-agarose 
beads {lane 15), 

The crude cleavage and ligation reactions each contain an 
additional protein (labeled on Fig. 2A) that migrates faster 
than either the expected cleavage or ligation products. The 
appearance of this band is dependent on the addition of cr-in- 
tein overproducing lysates to the chitin beads, and we conclude 
that this band is probably a product of cr proteolysis. As this a 



» imidazole {mM) 



1 00 




AsiA- 



.-Hl36-tj56$'60O 



Fig. 3. Binding AsiA to immobilized (His)6-Cys-lSCttj]- 
aminocaproate-(r-(568-600). (His)6-Cys-[SCH.2]-amino-caproate-(T- 
(568-600) and a molar excess of AsiA (load) were incubated with 
Ni^"^-NTA-agarose beads in a buffer containing no imidazole. The beads 
were then washed with a buffer containing no imidazole (not bound) 
and washed subsequently with buffer containing increasing concentra- 
tions of imidazole as indicated. 



fragment may interfere with the function of the desired ligation 
product, we removed it using the As LA immobilization method 
described above (see "Experimental Procedures"). When the 
purified ligation product and the corresponding amount of the 
cleavage product were combined with E. coli RNA polymerase 
core, the resulting holoenzymes were active on the ^aZPl pro- 
moter as was the holoenz3Tiie reconstituted with full-length 
recombinant (Fig. 2B). The ^aZPl promoter belongs to the 
"extended —10" promoter class and is active even in the ab- 
sence of sigma region 4.2 (30). From this experiment we con- 
clude that both the cleavage and the ligation products retained 
their biological activity during the overnight incubation with 
thiophenol. 

A similar experiment was repeated on the T7 A2 promoter. 
T7 A2 is a strong promoter of the "-10/-35 class" and requires 
interaction between o- region 4.2 and the -35 box for its activ- 
ity. As can be seen from the autoradiogram shown on Fig. 2C 
the holoenzyme reconstituted with the ligation product was 
almost as active as the holoenzyme reconstituted with the 
full-length recombinant a^^. In contrast, the holoenzyme recon- 
stituted with the cleavage product was completely unable to 
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support transcription by the core enzyme on T7 A2 {lane 3). We 
conclude that the semi-synthetic, 602-amino acid long a^^ de- 
rivative is functional in promoter-dependent transcription. The 
results also establish, as expected, that the non-natural cys- 
teine introduced at the ligation site does not interfere with a^^ 
function and, in agreement with the data of Kumar et al. (30), 
that the last 13 amino acids of a^^ are not necessary for unreg- 
ulated transcription. 

cr^° Amino Acids 568-600 Are Sufficient for Interaction 
with AsiA — The results presented in Fig. 2A demonstrate 
that cr^^ amino acids 568-600 are necessary for AsiA binding. 
In order to show that o-^° amino acids 558-600 are also 
sufficient for interaction with AsiA, we performed a Ni^"^- 
NTA-agarose co-immobilization experiment with the syn- 
thetic a 33-mer. Two different experiments were performed, 
and the same result was obtained. The first experiment was 
essentially a repetition of the experiment shown in Fig. 2A 
and demonstrated that the synthetic 33-mer can be immobi- 
lized on Ni^"^-NTA-agarose through AsiA^ia (data not shown). 
The complementary experiment was done using wild type, 
untagged AsiA. Instead, a synthetic hexahistidine tag was 
chemically ligated to the N terminus of cr5gg_eoo described 
under "Experimental Procedures." AsiA and His-tagged a 
fragment were loaded on Ni^'^-NTA beads; the beads were 
washed and eluted with increasing concentrations of imidaz- 
ole in the buffer. As can be seen, AsiA was found in the 
fractions containing elevated concentrations of imidazole, 
and the elution profiles of AsiA and His-tagged crses-eoo from 
Ni^'^-NTA-agarose beads were identical, indicating strong 
interaction (Fig. 3). A control experiment showed that AsiA 
did not interact with Ni^'*"-NTA-agarose (Ref. 16 and data not 
shown). We conclude that cr^^ amino acids 568-600 are suf- 
ficient for interaction with AsiA. 

DISCUSSION 

Expressed protein ligation is a novel approach that allows 
synthetic peptides to be chemically ligated to the C terminus of 
recombinant proteins fused to an intein protein splicing ele- 
ment (2). Based on the requirement for an N-terminal cysteine 
within the synthetic peptide, as well as the known involvement 
of thioesters in protein splicing (21), it is assumed that the 
process involves a native chemical ligation (14) step. This has 
been confirmed in the present study through a series of model 
studies which, moreover, indicate a phenyl a-thioester deriva- 
tive of the recombinant protein to be the key reactive species in 
the process. This thioester derivative is also believed to be 
generated quite slowly during the process, meaning that the 
ligation reaction is probably pseudo-first order with the syn- 
thetic peptide being present in huge excess at any given time 
(Fig. 1). 

We also describe the preparation, using this new approach, 
of a 602-amino acid long semi-synthetic cr^° protein with an 
intact biological function. This molecule was used to map the 
determinants of AsiA binding within amino acids 568-600 of 
cr*^°. Our result is in excellent agreement with that of Colland 
et al. (31), who used hydroxyl radical protein-protein foot- 
printing to demonstrate that the only region of (r^^ that is 
protected from radical cleavage by AsiA is located between 
residues 572 and 588. cr^^ amino acids 568-600 comprise the 
evolutionarily conserved region 4.2 of the fr family of pro- 
teins. This region is thought to assume a helix- turn -helix 
conformation and to interact directly with the —35 box of the 
promoter. The present results, taken together with our find- 
ing that the binding of region 4.2 to the -35 box or AsiA is 



mutually exclusive,^ suggests that AsiA may inhibit tran- 
scription directly, by occluding the DNA binding surface re- 
gion 4.2. 

The results presented here illustrate the enormous potential 
of the expressed protein ligation technique for exploring the 
mechanism and regulation of complex biomolecular machines. 
In the case of E. coli RNA polymerase, we have demonstrated 
that the ligation conditions do not destroy protein function and 
that semi-synthetic <t^^ subunits can be reconstituted with the 
RNA polymerase core enzyme to give a fully functional holoen- 
zyme. The stage is thus set for future studies in which biochem- 
ical and biophysical probes are site-specifically introduced into 
the (T^^ subunit. For example, we are currently site-specifically 
introducing cross-linkable probes into semi-sjmthetic (t"^". Pro- 
moter complexes formed by RNA polymerase holoenz3rmes re- 
constituted with derivatized, cross-linkable sigmas will allow 
us to study protein-protein and protein-nucleic acids contacts 
that govern transcription activation and promoter recognition. 
Finally, it is worth noting that other semi-synthetic subunits of 
the E. coli RNA polymerase complex can be reconstituted in 
vitrOt^ suggesting expressed protein ligation will have wide- 
spread utility in this multi protein system. 
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ABSTRACT A protein semisynthesis method — expressed 
protein ligation — is described that involves the chemoselective 
addition of a peptide to a recombinant protein. This method 
was used to ligate a phosphotyrosine peptide to the C terminus 
of the protein tyrosine kinase C-terminal Src kinase (Csk). By 
intercepting a thioester generated in the recombinant protein 
with an N-terminal cysteine containing synthetic peptide, near 
quantitative chemical ligation of the peptide to the protein was 
achieved. The semisynthetic tail-phosphorylated Csk showed 
evidence of an intramolecular phosphotyrosine-Src homology 
2 interaction and an unexpected increase in catalytic phos- 
phoryl transfer efficiency toward a physiologically relevant 
substrate compared with the non-tail-phosphorylated con- 
trol. This work illustrates that expressed protein ligation is a 
simple and powerful new method in protein engineering to 
introduce sequences of unnatural amino acids, posttransla- 
tional modifications, and biophysical probes into proteins of 
any size. 



The ability to alter protein structure and function by intro- 
ducing unnatural amino acids has great potential to enhance 
our understanding of proteins, generate new tools for biomed- 
ical research, and create novel therapeutic agents (1-6). For 
example, site-specific incorporation of posttranslational mod- 
ifications such as phosphoamino acids could lead to molecules 
having altered structural and functional properties that would 
be useful tools in understanding complex processes such as 
signal transduction. Equally, the introduction of small mole- 
cules like fluorescent tags, spin resonance probes, or cross- 
linking agents into proteins at well-defined positions could 
lead to new biochemical insights in countless biological sys- 
tems. Although powerful, each of the currently existing tech- 
niques to introduce unnatural molecules into proteins has 
associated with it certain synthetic or practical limitations that 
have limited their widespread application (1-6). 

In so-called "native chemical ligation" an N-terminal cys- 
teine-containing peptide is chemically ligated to a second 
peptide possessing an "thioester group with the resultant 
formation of a native peptide bond at the ligation junction (5). 
Until now, peptide ^thioesters for use in native chemical 
ligation have been generated solely through chemical synthe- 
sis, a technically demanding process that imposes certain size 
constraints on the technique. Thus, native chemical ligation 
has proven very useful for the total synthesis of small proteins 
and protein domains, but has not been extended to the 
synthesis of proteins beyond «=«15 kDa. One way to overcome 
this size limitation would be to chemically ligate small synthetic 
sequences to much larger recombinant protein fragments. 
Although methods for the generation of recombinant proteins 
possessing N-terminal cysteine residues have been reported 
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(7), there is currently no way of producing recombinant protein 
"thioesters for use in native chemical ligation. Thus, native 
chemical ligation has not been completely interfaced with 
recombinant protein semisynthesis. The current challenge was 
therefore to devise a way of generating the necessary protein 
"thioesters by using a straightforward and widely available 
recombinant expression method. 

Protein splicing, the process in which a protein undergoes an 
intramolecular rearrangement resulting in the extrusion of an 
internal sequence (intein) and the joining of the lateral 
sequences (exteins), has been shown to involve the interme- 
diacy of a thioester (8, 9). A mutant version of the splicing 
protein has been demonstrated to be defective in completion 
of the splicing reaction but still capable of thioester interme- 
diate formation (8, 9). The commercially available pCYB 
vectors for Escherichia coli protein expression result in the 
generation of "thioesters where a- protein of interest can be 
expressed in frame fused with an intein-chitin binding domain 
(CBD) sequence (9). In the standard experiment, the protein 
of interest is cleaved from the intein-CBD with DTT or 
2-mercaptoethanol by a transthioesterification reaction while 
the chimera is bound to a chitin column. We suspected that it 
might be possible to intercept the "thioester with a synthetic 
peptide rather than DTT, thereby generating a semisynthetic 
protein containing a chemoselective ly ligated synthetic peptide 
sequence. 

To investigate the feasibility of this ligation process we 
decided to undertake the synthesis of a pair of semisynthetic 
C-terminal Src kinase (Csk) proteins. This target system was 
chosen in part because it satisfied two principal objectives of 
this initial study, which were: (/) to demonstrate that intein- 
fusion constructs could be used as a source of large recombi- 
nant protein "thioesters for use,in native chemical ligation, and 
{ii) to synthesize challenging molecules that could not have 
been generated any other way. 

Csk is a 50-kDa protein that catalyzes the phosphorylation 
of a highly conserved tyrosine within the C-terminal tail of Src 
family members (10-17). This modification results in an 
intramolecular interaction between the Src homology 2 (SH2) 
domain and the C-terminal phosphotyrosine within Src, an 
association that leads to a significant conformational change 
and catalytic repression in vivo (Fig. L4) (10-15). Csk is similar 
in architectural layout to Src family members and is 40-50% 
identical in amino acid sequence to this protein family (16, 17), 
however, it lacks a C-terminal tyrosine-containing tail and is 
not known to be regulated through phosphorylation (Fig. 1) 
(10, 11). We were therefore interested in the possibility of 
adding a phosphotyrosine tail to Csk and determining the 
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Csk 

Fig. 1. Phosphotyrosine tails in Src and Csk. {A) Phosphorylation 
of the Src tail on tyrosine-527 is catalyzed by Csk. This phosphoryla- 
tion results in a conformational change involving an intramolecular 
interaction between the Src tail and the SH2 domain. {B) Csk is highly 
homologous to Src but lacks a C-terminal tyrosine-containing tail. 
Proposed ligation of a phosphotyrosine tail might lead to a confor- 
mational change like that found in Src. Csk Is not a Src family member 
and in addition to its lack of a C-terminal tail, Csk also lacks two key 
Src features: an activating tyrosine-containing loop, as well as an 
N-terminal myristoylation site (16, 17). 

potential effects of this modification on conformation (Fig. 
W) and catalytic behavior. 

Although extending the Csk C terminus could in principle be 
carried out using recombinant methods (18), there would be no 
way of directing specific phosphorylation of a single engi- 
neered tyrosine (wild-type Csk has 20 tyrosine residues) by 



Proc. Natl Acad. ScL USA 95 (1998) 

chemical or enzymatic methods. Bacterial recombinant pro- 
tein expression of wild-type human Csk is complex because it 
requires chaperonins for significant soluble expression (18). In 
fact, attempts at simply adding a 9-aa tyrosine-containing tail 
to wild-type Csk led to very poor protein expression using these 
established methods (P.A.C., unpublished data). Furthermore, 
none of the existing protein engineering techniques appeared 
to be suitable for the generation of this large and complex 
protein. For example, the current size limit of total chemical 
synthesis by native chemical ligation is 100 ± 50 aa, putting the 
450-aa Csk well beyond the range of this approach. Similarly, 
the presence of 10 cysteine residues in wild- type Csk prohibits 
a site-selective cysteine- modification strategy. Thus, producing 
the desired semisynthetic Csk protein (s) in sufficient quantities 
for enzymatic and biochemical studies was a significant chem- 
ical challenge. 

MATERIALS AND METHODS 

Peptide Synthesis. Phosphorylated and unphosphorylated 
peptides were manually synthesized by f luorenylmethoxycar- 
bonyl and /e/-/-butoxycarbonyl solid phase peptide synthesis, 
respectively. Phosphotyrosine was introduced during fluore- 
nylmethoxycarbonyl chain assembly in the phosphate unpro- 
tected form. Orthogonal protection of the E-NH2 group of the 
C-terminal Lys residue with either fluorenylmethoxycarbonyl 
(/er/-butoxycarbonyl strategy) or dimethyldioxocyclohexyli- 
dene (fluorenylmethoxycarbonyl strategy) allowed direct at- 
tachment of fluorescein (activated as an iV-hydroxysuccinim- 
ide ester) before the final cleavage step. After cleavage, 
peptides were purified to homogeneity by HPLC and charac- 
terized by electrospray MS. 

Expressed Protein Ligation. See Fig, 2 for the overall 
strategy. Primers containing an Ndel site (upstream) and a 
Smal site (downstream) were used to PCR amplify full-length 
wild-type human csk DNA for in frame insertion upstream of 
the intein/CBD encoding sequence in the vector pCYB2 (New 
England Biolabs). The resultant plasmid pCYB2-CSK, which 
was free of mutations in the Csk coding region based on DNA 
sequencing, was then cotransformed into E, coli DH5a with 
the GroES and GroEL expression plasmid pREP4-groESL 
using dual selection with ampicillin and kanamycin and cells 
grown and lysed as described (19). Chitin resin (1 ml) in a 
disposable plastic column was washed with 20 ml of equilibra- 
tion buffer (25 mM Na-Hepes, pH 7.0/250 mM NaCl/1 mM 
Na-EDTA/0.1% Triton X-100), Cell lysate (10 ml, made 0.1% 
in Triton X-100) was passed through the column at a flow rate 
of 0.5 ml/min and the flow-through was reapplied at a similar 
rate. The column was then washed with 30 ml of equilibration 
buffer and treated with 2 ml 2% vol/vol thiophenol in equil- 
ibration buffer (minus Triton X-100) at 1 ml/min followed 
immediately by 1 ml of 2 mM peptide + 2% thiophenol -f 
equilibration buffer (minus Triton X-100). After 24 h standing 
at 25**C, the column was eluted with equilibration buffer and 
the desired product appeared in the initial 2,5 ml; it was 
dialyzed (Dispodialyzer, 25 kDa cutoff. Fisher) against 25 mM 
Na-Hepes (pH 7.7), 2 mM DTT, 500 mM NaCl at 4°C for 4-5 
days to remove unligated peptide. Protein was estimated to be 
«='20% pure by SDS/PAGE with the principal contaminants 
shown to be GroEL (60%) and DnaK (20%) (see Fig. 3). 
Quantification of the semisynthetic Csk proteins was based on 
the intensity of Coomassie blue stained bands on SDS/PAGE 
compared with known amounts of wild-type Csk and relative 
amounts of Csk semisynthetic proteins further confirmed by 
quantitative fluorescence imaging (Storm, Molecular Dynam- 
ics). Expressed protein ligation reactions were carried out at 
least three times and gave reproducible yields. Purification of 
the proteins by phosphotyrosine affinity chromatography (see 
below) allowed chaperonin removal (Fig. 3) and showed that 
chaperonins did not effect kinase activity of either Csk- 
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NaCl). The material eluted under high salt conditions was 
quantitated by fluorescence imaging on SDS/PAGE. The 
amount bound in the case of Csk^^^ was 50 ± 10% and that 
for CskP^^^ was 10 ± 4%. Binding studies gave similar results 
on two separate occasions. 

Gel Filtration. Gel filtration of semisynthetic proteins was 
carried out on a Superdex-75 column (Pharmacia) in 20 mM 
Tris-acetate (pH 8.0) at 0.5 ml/min at room temperature using 
the proteins ribonuclease A (13,700 Da), carbonic anhydrase 
(29 kDa), ovalbumin (43 kDa), and BSA (66 kDa) to generate 
a standard curve. Detection of the standards and wild-type Csk 
was done by monitoring UV absorbance at 280 nm and for the 
semisynthetic Csk proteins was done by monitoring fluores- 
cence emission at 520 nm. The concentration of the semisyn- 
thetic Csk proteins during column loading was ^1 /xM. The 
calculated molecular masses were: wild-type Csk (50 kDa), 
CskPEP (54 kDa), and CskPi^^p (54 ^Da) with an estimated 
SE ± 10%. 
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Fig. 2. The principle of expressed protein ligation. In the first step, 
the gene or gene fragment Ls cloned into the commercially available 
FCYB2-1MPACT vector (New England Biolabs) by using theNdei and 
Smal restriction sites. This cloning strategy results in the addition of 
a Pro-Gly appended to the native C terminus of the protein of interest. 
The presence of a C-terminal glycine has been shown to accelerate 
native chemical ligation (24) and thus reduces the chance of side 
reactions. After expression and affinity purification of the fusion 
protein by binding to the chitin resin, the chemical ligation step is 
initiated by incubating the resin-bound protein with thiophenol and 
synthetic peptide in buffer. This results in the in situ generation of a 
highly reactive phenyl "thioester derivative of the protein that then 
rapidly ligates with the synthetic peptide to afford the desired semi- 
synthetic protein. 

[CONH]-peptide (Csk^^P) or Csk-[CONH]-phosphopeptide 
(CskP^^^). Complete characterization of the proteins by MS 
was carried out after reverse-phase HPLC purification (Fig. 
3C). 

Kinase Assays with PoIy(Glu,Tyr). These were performed 
as described (20) where transfer of -^^p from [7-32p]ATP to 
poly(Glu,Tyr) was monitored. Autophosphorylation of the 
semisynthetic Csk ligation proteins was shown to be insignif- 
icant Kinetic parameters were as follows: Csk''^^, Km of 
ATP - 31 ± 2 fxM.Km of poly(Glu,Tyr) = 19 ± 3 ;tg/ml, Jtcat = 
17 ± 1 min-*; CskP^^P^ of ATP = 34 ± 11 fxM, of 
poly(Glu,Tyr) = 30 ± 3 )Ltg/ml, jtcat = 19 ± 1 min"*; wild-type 
Csk (20), of ATP = 12 ± 1 fjiM,K,^ of poly(Glu,Tyr) = 48 ± 
2 /LLg/ml, kcat = 40 ± 5 min"^ 

Phosphotyrosine Affinity Chromatography. This was per- 
formed in a manner analogous to procedures described (19, 
21). A preequilibrated 8X8 mm column of 0-phospho-L- 
tyrosine-agarose resin was eluted over 5 min with 1 ml of a 
semisynthetic protein solution («1 fjM) and eluted at 0.5 
ml/min with eight column volumes of low salt buffer (25 mM 
Hepes, pH 7.7/2 mM DTT) followed by eight column volumes 
of high salt buffer (25 mM Hepes, pH 7.7/2 mM DTT/500 mM 



RESULTS AND DISCUSSION 

An intein-CBD expression plasmid containing full-length 
wild-type human Csk DNA was generated and coexpressed in 
E. coll along with GroES and GroEL. The soluble fraction was 
passed over chitin resin and the resin was washed and then 
treated with 50 mM DTT containing buffer overnight. This led 
to generation of full-length Csk protein. Kinase assay of the 
Csk generated in this manner showed that it was fully active. 
Treatment of the resin bound Csk-intein-chitin fusion with 
mercaptoacetic acid and cysteine also afforded comparable 
quantities of Csk (whereas treatment with iV-acetylcysteine, for 
reasons that are unclear, gave no detectable yield of Csk). 

Given these results, we designed and synthesized the ty- 
rosine phosphorylated and unphosphorylated forms of the 
peptide NH2-Cys-Glu-Asp-Asn-Glu-Tyr-Thr-Ala-Arg-Glu- 
aminocaproate-Lys-e-[fluorescein]-C02H. Although not ho- 
mologous to the Src tail, the sequence is derived from the 
highly conserved activating autophosphorylation site of Src 
family kinases (10, 11) and is of a similar length to the Src tail. 
In its tyrosine phosphorylated form, this sequence has been 
shown to bind specifically to the SH2 domain of Csk (21-23). 
In the projected semisynthetic protein, the number of amino 
acids between the highly conserved phosphotyrosine- 
interacting FLVRES motif of the Csk SH2 domain and the 
engineered phosphotyrosine in the tail is identical to the 
analogous spacing in the Src family member Lck. The N- 
terminal cysteine residue was included in the peptide to 
facilitate native chemical ligation. Incorporation of a C- 
terminal fluorescent tag via a flexible linker was envisaged to 
serve as a sensitive marker of successful ligation and as a probe 
for further biochemical studies. 

Initial efforts to react the unphosphorylated peptide with 
the resin-bound Csk-intein-CBD fusion protein without added 
thiol cofactors were unsuccessful, and coaddition of mercap- 
toacetic acid led to cleavage of Csk from the fusion protein, 
without any detectable ligation. However, inclusion of 2% 
thiophenol in the reaction buffer led to extremely efficient 
(>90%) ligation of the synthetic peptide to the recombinant 
protein as evidenced by the production of a highly fluorescent 
52-kDa protein band on SDS/PAGE (Figs. 2-4). As illustrated 
in Fig. 2, we hypothesize a two-step, one-pot process involving 
an initial transthioesterification event followed by immediate 
native chemical ligation. The initial transthioesterification step 
is critical as it alleviates any steric hindrance present around 
the fusion protein thioester, and creates a reaction sink 
involving the formation of a highly reactive phenyl "thioester 
derivative of the recombinant Csk protein (24). The corre- 
sponding mercaptoacetic acid thioester would be expected to 
be much less reactive than the phenyl thioester thus accounting 
for the results in our preliminary studies. 
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Fig. 3. Characterization of semisynthetic proteins. {A) A Coomas- 
sie-stained 10% SDS/PAGE gel of Csk^^P crude reaction product 
mixture. Lane 1: molecular mass markers from the top: 97, 66, 45, 31, 
and 21.5 kDa. Lane 2: Wild-type Csk. Lane 3: Csk''^^' crude Ugation 
product mixture; a combination of N-terminal sequencing and elec- 
trospray MS indicated that the bands at 56 kDa and 69 kDa were 
GroEL and DnaK, respectively. Lane 4: Comixture of wild-type Csk 
and Csk*'*^*' crude ligation product mixture. (5) A Coomassie-stained 
10% SDS/PAGE gel of the purified semisynthetic Csk proteins. Lane 
1: Molecular mass markers as listed in^. Lane 2: Wild-type Csk. Lane 
3: CskPft^P purified by reverse-phase HPLC. Lane 4: Csk*'*^*' purified 
by phospho tyrosine affinity chromatography. (C) Characterization of 
semisynthetic proteins by electrospray MS. (Toy?) Full-length wild-type 
Csk, expected mass = 50,705 Da (average Isotope). {Middle) Csk^^^, 
expected mass = 52,540 Da (average isotope). {Bottom) CskP^^**, 
expected mass = 52,619 Da (average isotope). Each sample was 
isolated by reverse-phase HPLC and mass analyzed by using a Perkin- 
Elmer-Sciex (Thornhill, ON, Canada) APl-lOO mass spectrometer. 
Predicted masses were calculated by using the program macbiomass 
(S. Vemuri and T. Lee, City of Hope, Duarte, CA). Note, the ligated 
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In each of the two ligation reactions, the crude product 
mixtures were nearly free of unligated material as exemplified 
by lanes 3 and 4 of Fig. 2A, but both preparations were 
contaminated with GroEL and DnaK. Although yields were 
not optimized, an estimated 0.5 mg of ligation product per 2,5 I 
bacterial cell culture was produced. Ligation conditions were 
not disruptive to Csk protein folding because both semisyn- 
thetic constructs were catalytically active (see Materials and 
Methods). Further characterization of Csk^^^ and CskP^^^ 
after chromatographic purification to remove the chaperon ins 
demonstrates the slightly higher apparent molecular weights of 
the ligation products compared with wild-type Csk on SDS/ 
PAGE (see Fig, 3B). The enzymologic activity of the purified 
material was identical to the chaperone-containing mixture. 
Electrospray MS of the purified semisynthetic proteins gave 
molecular masses in good agreement with the predicted values 
(Fig. 3C). Interestingly, Edman sequencing revealed that the 
N-terminal methionine residue in the protein produced as an 
intein-CBD fusion was completely removed (no such cleavage 
is observed when Csk is expressed in the standard form). 

The Csk ligation products were subjected to extensive 
dialysis to remove unreacted peptide. After dialysis, affinity 
purification over a phosphotyrosine column (19, 21) was 
attempted for both Csk''^^ and CskP^^^ to assess potential 
conformational differences. While about 50% of Csk^^^ bound 
to the phosphotyrosine resin under low salt conditions, com- 
parable to wild-type Csk, only ^10% CskP^^^ bound to the 
phosphotyrosine resin under similar conditions. It is presumed 
that the SH2 domain of Csk?''^^ is less available for affinity 
column interaction because it is prebound to the phosphoty- 
rosine sequence of CskP^^^. Similar behavior has been re- 
ported with Src family members (10, 21, 25). 

In the case of Src family members, the interaction between 
the phosphotyrosine tail and the SH2 domain has been shown 
to be intramolecular (12, 13, 15). Nondenaturing PAGE (6%) 
with fluorescence imaging showed that CskP^^*" had a slightly 
faster migration time compared with Csk*'^^, consistent with 
CskP^^^ being monomeric with an increased electrostatic 
effect (data not shown). A nondenaturing PAGE of the Src 
family member Lck in its tail-phosphorylated and unphosphor- 
ylated form showed very similar behavior (25). Gel filtration 
further suggested that both the semisynthetic Csk proteins 
were monomeric (see Materials and Methods), evidence that 
the proposed interaction between the phosphotyrosine tail and 
SH2 domain in CskP^^^ is intramolecular. 

Limited proteolysis studies with subtilisin further suggested 
a conformational difference between Csk^^^ and CskP^^^, with 
Qj^pPEP showing a reproducibly slower proteolytic degrada- 
tion rate as demonstrated by the persistent fluorescent bands 
on SDS/PAGE in Fig. 4. Varying the time and protease 
concentration failed to reveal the build-up of a fluorescent 
intermediate with molecular mass of >14 kDa for proteolysis 
of Csk^^^ suggesting that the fluorescent peptide tail was 
cleaved rapidly in this semisynthetic protein. The ^='38 kDa 
fragment produced in the proteolysis of CskP^^^ clearly con- 
tains an intact C terminus because of its fluorescence, and is 
kDa larger than the primary site of wild- type Csk cleavage 
under similar conditions, with the cleavage site in the latter at 
the SH2 domain-catalytic domain junction (data not shown). 
The position of cleavage in CskP^^^ is nearer to the N-terminal 
edge of the SH2 domain. Interestingly, tail-phosphorylated 
and unphosphorylated forms of Src show distinct proteolytic 



Csk products were engineered to have the sequence Pro-Gly added to 
their C termini, and Edman sequencing indicated that the N-terminal 
methionine had been removed from the Csk expressed in the pCYB2 
vector. That the ligation products contained only one N terminus (i.e., 
from Csk) combined with the MS data provides unambiguous char- 
acterization of the semisynthetic proteins. 
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Fig. 4. Fluorescence imaging of an SDS/PAGE showing the 
results of proteolytic digestions of Csk^'^*' and CskP*'^*' with subtilisin. 
Lane 1: CskP^^^P _ subtilisin; lane 2: CskP^^^ + subtilisin; lane 3: 
Qjj^pcp _ subtilisin; lane 4: Csk*'^^ + subtilisin. Reactions conditions: 
CskP'^P and CskP^^^P (1 ^tg) in 20 buffer (20 mM TrLs-acetate, pH 
8.0/10% glycerol/2 mM DTT) treated with subtilisin Carlsberg (12.5 
ng) for 30 min at 4''C. Fluorescence imaging was done on a Storm 
instrument (Molecular Dynamics). Proteotysis reactions were per- 
formed in parallel under identical conditions with different protein 
preparations on four different occasions and all gave comparable 
results to those shown here. 
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degradation patterns, comparable to those of the semisynthetic 
Csk proteins (10, 26). In the case of Src, the overall proteolysis 
rate is reduced for the tail-phosphorylated form and the 
C- terminal tail region is particularly resistant to proteolysis 
when phosphorylated compared with the unphosphorylated 
form (26). It is important to emphasize that the fluorescein 
probe greatly simplified the analysis of this proteolysis data 
and that, in general, the ability to label the C terminus of 
proteins with fluorescent markers using expressed protein 
ligation should be of significant value in protein mapping and 
footprinting experiments. 

In sum, the phosphotyrosine affinity, nondenaturing PAGE, 
gel filtration, and proteolysis results support the proposition 
that appending a phosphotyrosine tail to Csk results in a new 
conformation involving an intramolecular interaction between 
the SH2 domain and the tail phosphotyrosine. Such a confor- 
mational switch could lead to new biological activities in cell 
signal transduction. As a first stage toward investigating this 
possibility, the catalytic behavior of the semisynthetic Csk 
proteins was investigated using both peptide and protein 
substrates. 

The chemical mechanism of peptide and protein substrate 
phosphorylation by Csk appears to be similar but the basis for 
selectivity is different for the two substrate classes (25). Specifi- 
cally, the interaction of Csk with its physiologic substrates appears 
to require multidomain structural interactions, so that it could be 
expected that a perturbed Csk conformation might well lead to 
altered catalytic effects with a Src family substrate. This is indeed 
observed to be the case, but in contrast to expectations based on 
the Src model, CskP^^^ is significantly more active than Csk^^'* m 
phosphorylating the physiologically relevant substrate Lck (Fig. 5 
A and B). Both phosphorylation reactions showed linear activity 
as a function of time and enzyme concentration (Fig, 5 A and B). 
At low Lck substrate concentration, the rate of phosphorylation 
by the CskP^^p «5.fold higher compared with Csk^^^, This is 
likely to be primarily a specific Lck-binding difference to the two 
semisynthetic Csk proteins because the difference in the rates 
becomes less at higher Lck concentration (see Fig. 5C) and 
because the kinetics with the peptide substrate poly(Glu,Tyr) 
were so similar for Csk''^^ and CskP^^^ (see Materials and 
Methods). 




Fig. 5. Phosphorylation of Lck catalyzed by semisynthetic Csk 
proteins. (>1) Time course of Csk''^^ and CskP^*^^- catalyzed phosphor- 
ylation of Lck. CskP^^; O, Csk**^*". Relative product formation is 
corrected for the amount of Csk^^^ and CskP''^^ utilized. ILck] = 1 
/llM. (B) Kinase activity vs. Csk'^'^^and CskP^^^ concentration with the 
substrate Lck. CskP^'^P; O, CskP'^P [Lck] = 1 fjuM. Reaction time = 
2 min. (C) Rate of phosphorylation of Lck catalyzed by Csk^^^ and 
CskpPEP Lck concentration. CskP^'^^f; O, Csk^^^, The data for 
Qjl^ppEP could not be strictly fit to standard Michaelis-Menten kinetics 
because of apparent substrate inhibition. For CskP^^^ the Km (appar- 
ent) (Lck) estimated as the substrate concentration necessary for 50% 
maximal velocity Ls 0.4 ± 0.1 /xM. The data for Csk*''^^ was fit to the 
Michaelis-Menten equation and gave (apparent) (Lck) = 2 ± 0.5 
fiM. The Lck Km with wild-type Csk enzyme under these conditions 
is 3-5 ^M (25). All assays were performed as described (25) on a 15 
fx\ scale at 30''C by using catalytically impaired Lck (N-terminal 63 aa 
deleted, containing a K273R mutation) at fixed and near-saturating 
ATP concentration 110 ^lM, ^3 X Xm (apparent)] and optimal MnCh 
concentration (5 mM) under initial conditions (<10% turnover of the 
limiting substrate). All assays were carried out at least two times and 
duplicate points generally agreed within 10%. Kinase activity was 
shown to be identical for the phosphotyrosine-affinity purified and 
unpurified semisynthetic proteins by using Lck as substrate. Kinase 
specificity for the 505-tyrosine of Lck was confirmed by demonstrating 
that 505-phosphorylated Lck was not detect ably phosphorylated by 
either semisynthetic protein using conditions described (25). 

It should also be noted that the repression of Src kinase 
activity in its tail phosphorylated form involves a complex 
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network of intramolecular interactions within the Src protein 
(13, 15, 27), and Csk appears to lack the ability to recapitulate 
this inhibited state Jl Although the structural basis for increased 
kinase activity of tail-phosphorylated Csk on a physiologic 
substrate is not yet understood,** these results allow the 
prediction that conformational engineering using expressed 
protein ligation should give rise to interesting effects in signal 
transduction. 

In this paper, we have introduced a method in protein 
engineering. Our approach "expressed protein ligation" is very 
simple, involving a single chemical step, and effectively unites 
the fields of synthetic peptide chemistry and recombinant 
protein biotechnology. In doing so, it allows proteins to be 
subjected to the same level of systematic chemical investigation 
previously restricted to the study of small bioactive peptides. In 
addition to the work described in this report, we have now 
successfully applied expressed protein ligation to two other 
polypeptide systems, including the entire sigma subunit of 
bacterial RNA polymerase (28). Furthermore, N-terminal 
methionine deletion that has been observed in the several 
cases using the intein expression vector creates the possibility 
for ligation of peptides or proteins to an N-terminal cysteine 
(placed at the second cod on of the recombinant protein). This 
may further expand the utility of expressed protein ligation as 
a means of inserting unnatural or isotopically labeled amino 
acids in the middle as well as at the ends of recombinant 
proteins. 



"Repression of Src largely requires an unphosphorylated activating 
loop in addition to tail phosphorylation. A major feature of Src 
repre.ssion appears to be that tail phosphorylation results in a 
conformational change that prevents autophosphorylation of the 
activating loop (14, 27). Because Csk does not have an activating loop 
it would have been impossible to predict the results on Gsk's catalytic 
activity resulting from the conformational change due to tail phos- 
phorylation. However, these results implicitly argue that one or more 
structural features that lead to catalytic repression in tail- 
phosphorylated Src is/are absent in tail-phosphorylated Csk. 
**The simple model where the increased catalytic efficiency results 
from an interaction of the Lck-SH2 domain with the phosphoty- 
rosine tail of CskP*'^*' appears unlikely because the addition of the 
peptide NHa-Cys-Glu-Asp-Asn-Glu-phosTyr-Thr-Ala-Arg-Glu- 
aminocaproate-Lys-e- [fluorescein l-COaH (250 /iM) had minimal 
effect on either CskP^^ or Csk^^*" catalyzed Lck phosphorylation. 
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; Carvalho, R. A., P, Zhao, C. B. Wiegers, F. M, H. 
jeffrey,C. R. Malloy, and A. D. Sherry. TCA cycle kinetics 
in the rat heart by analysis of ^^C isotopomers using indirect 
ijl[i3Q] detection. Am J Physiol Heart Circ Physiol 281: 
H1413-H1421, 2001. — This study was designed to test the 
hypothesis that indirect ^H[^^C] detection of tricarboxylic 
acid (TCA) cycle intermediates using heteronuclear multiple 
quantum correlation-total correlation spectroscopy (HMQC- 
TOCSY) nuclear magnetic resonance (NMR) spectroscopy 
provides additional ^^C isotopomer information that better 
describes the kinetic exchanges that occur between intracel- 
lular compartments than direct ^^C NMR detection. NMR 
data were collected on extracts of rat hearts perfused at 
various times with combinations of [2- ^^C] acetate, propi- 
onate, the transaminase inhibitor aminooxyacetate, and ^^C 
multiplet areas derived from spectra of tissue glutamate 
were fit to a standard kinetic model of the TCA cycle. Al- 
though the two NMR methods detect different populations of 
'^C isotopomers, similar values were foimd for TCA cycle and 
exchange fluxes by analyzing the two data sets. Perfiision of 
hearts with unlabeled propionate in addition to [2-^^C]ac- 
etate resulted in an increase in the pool size of all four-carbon 
TCA cycle intermediates. This allowed the addition of isoto- 
pomer data from aspartate and malate in addition to the 
more abundant glutamate. This study illustrates that meta- 
bolic inhibitors can provide new insights into metabolic 
transport processes in intact tissues. 

'■'C isotopomers; aminooxyacetate; metabolism; NMR; gluta- 
mate 



STUDIES OF INTERMEDIARY metaboUsm (7, 22) in intact 
tissues by ^^C nuclear magnetic resonance (NMR) iso- 
topomer analysis of glutamate are most often made 
with the assumption that exchange between a-ketoglu- 
tarate and glutamate is rapid compared vidth tricarbox- 
ylic acid (TCA) cycle flux. Recent NMR kinetic studies 
*25, 29, 30, 33) of perfused hearts have shown that the 
rate of the appearance in glutamate in heart tissue 
js influenced by an exchange process (Fi and Vx have 
both been used as a symbol of this flux) likely related to 
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transport across the inner mitochondrial membrane. 
We recently reported the effects of aminooxyacetate 
(AO A), a widely used transaminase inhibitor (11, 28, 
29), on the rate of ^^C incorporation into glutamate C4 
and C3 from [2-^^C] acetate in isolated perfused rat 
hearts and showed that inhibition of transaminases 
results in a decreased rate of ^^C enrichment at both 
glutamate 04 and 03, with similar rates of ^^0 incor- 
poration at these two carbons (25). These observations 
were consistent with a two compartment model where 
a small glutamate pool exchanges more rapidly with a 
metabolically active pool of a-ketoglutarate (presum- 
ably mitochondrial), followed by slower exchange of 
this ^^0 enriched glutamate with a larger pool of un- 
enriched glutamate (presumably cytosolic). Results 
from a subsequent study (9) suggested that there may 
be an advantage to using -^^0 multiplets appearing in 
the glutamate spectrum over ^^0 enrichment data for 
determining TCA cycle kinetics. 

In this study, we appUed two-dimensional (2D) hetero- 
nuclear multiple quantum correlation-total correlation 
spectroscopy (HMQO-TOOSY) (15), to further examine 
the influence of AOA on the kinetics of ^^0 appearance in 
glutamate in rat hearts perfused with [2-^^C] acetate. 
This method indirectly detects ^^0 enrichment via at- 
tached but differs from direct ^^0 detection in that it 
reports different groups of ^^0 isotopomers (3). The 2D 
technique thereby offers the possibihty of providing new 
insights into the distribution of ^^0 in various ^etabo- 
htes during isotopic enrichment of cycle intermediates. 
The method was vahdated by comparing TOA cycle ki- 
netic constants derived from HMQO-TOOSY data with 
constants derived from ^^0 NMR isotopomer data col- 
lected on the same tissue extracts. Kinetic data from 
hearts perfused with 2 mM [2-^^0] acetate plus 1.5 mM 
propionate were also evaluated. As propionate increases 
the level of aU four-carbon TOA cycle intermediates (18, 
24), ^^0 isotopomer data frt)m glutamate, aspartate, and 
malate could then be included in the kinetic analysis. 
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TCA CYCLE KINETICS BY INDIRECT m[^^C] DETECTION 



METHODS 

Materials 

[2- ^^C] acetate sodium salt (99%) was purchased from 
Cambridge Isotope Laboratories (Andover, MA). AOA (hemi- 
hydrochloride), sodium propionate, Dowex SOW resin (100- 
200 mesh, hydrogen form), and Dowex 1-X8 resin (100-200 
mesh, chloride form) were purchased from Sigma (St. Louis, 
MO). All other reagents from commercially available sources 
were of the highest quality. Male Sprague-Dawley rats, 250- 
300 g, were purchased from Sasco (Houston, TX). 

Heart Perfusions 

After general anesthesia was performed, rat hearts were 
rapidly excised and placed in an ice-cold perfusion medium. 
The aorta was immediately cannulated, and hearts were 
perftised using standard Langendorff methods at a column 
height of 70 cmH20. A modified Krebs-Hensleit (KH) buffer 
containing (in mM) 119.2 NaCl, 4.7 KCl, 1.25 CaCk, 1.2 
MgS04, and 25 NaHCOa was bubbled with 95% 02-5% CO2. 
The entire all-glass perfusion system was jacketed and main- 
tained at 3TC. Before sodium S-^^c] acetate (2 mM) or a 
mixture of sodium [2-^^C] acetate (2 mM) plus sodium propi- 
onate (1.5 mM) was added, hearts were perfused for 30 min 
with 300 ml of recirculating unenriched (either 2 mM acetate 
or a mixture of 2 mM acetate plus 1.5 mM propionate) KH 
buffer (control group) or unenriched KH buffer containing 0.5 
mM AOA. This period ensured equilibration of the inhibitor 
into all cellular compartments (13). Hearts were then per- 
fused with soditun [2-^^C] acetate ± sodium propionate for 
variable periods of time (3, 6, 9, 12, 15, and 45 min) before 
being freeze-clamped in liquid N2. Frozen tissues were ex- 
tracted in 3.6% perchloric acid (PCA), neutralized with KOH, 
freeze-dried, and dissolved in 0.6 ml of deuterated water 
(2H2O) for NMR analysis. 

'^CNMR 

Proton-decoupled ^^C NMR spectra of tissue extracts at pH 
7.2 were acquired at 125.7 MHz on a Varian INOVA spec- 
trometer by using a 5-mm broad-band probe. The acquisition 
parameters consisted of a 45° pulse and a repetition time of 
3 s. Broad-band proton decoupling was achieved by using 
Waltz decoupling at two power levels, and the temperature 
was maintained at 25°C. The relative areas of the multiplet 
components in each glutamate resonance were determined 
by deconvolution using the NUTS NMR program (Acorn; 
Fremont, CA). 

HMQC-TOCSY 

2D HMQC-TOCSY spectra were acquired on the same 
tissue extracts after adjustment of the pH to 2.75 (3) using 
either the 500- or 600-MHz Varian INOVA spectrometer and 
5-nmi internal diameter probes. The positional ^^C isoto- 
pomer information was obtained from the ^H-^^C off-diago- 
nal cross peaks, as reported previously (3). Integration of the 
cross-peak volumes was achieved using stsmdard peak-pick- 
ing Varian NMR software (112d subroutine). 

Isolation of Glutamate 

After NMR spectra were collected, glutamate was purified 
from carboxylic acids and neutral amino acids using sequen- 
tial ion-exchange columns. A colmnn containing 6 ml of 
Dowex 50W in a 10-ml disposable syringe was washed with 
50 ml of 2 N HCl, followed by washing with distilled water. A 
tissue extract (pH 2.75) was applied to the cation column. 



washed with 25 ml of distilled water to remove carboxvl 
acids, and then washed with 30 ml of 2 M NH4OH to recove^ 
all amino acids. A second column, prepared from 2.5 \ 
Dowex 1-X8 in a 0.6-cm diameter glass Pasteur pipette, wa 
washed with 50 ml of 2 M sodium acetate, follow^ ^ 
distilled water. The amino acid fraction from the first coluuij 
was freeze-dried and redissolved in 2 ml of distilled water 
and the pH was adjusted to 8, using KOH as necessary. This 
sample was applied to the second column and washed with 50 
ml of distilled water to remove neutral amino acids and 
glycerol. Glutamate and aspartate were eluted from the col- 
umn using 10 ml of 0.5 M acetic acid. This acetic acid fraction 
was subsequently freeze-dried and dissolved in 600 |xl 2H2O 
for ^H NMR analysis. The pH was adjusted to 2.5-3.0 to 
simplify the ^H spectrum of the prochiral glutamate H3 
protons (3). 

^^C Fractional Enrichments 

^H NMR spectra of purified glutamate were run on a 
Varian INOVA 600 MHz spectrometer using a 5-mm internal 
diameter probe. Relative fractional enrichments were mea- 
sured by deconvolution of the glutamate ^H resonances using 
the NUTS software. 

HPLC 

Krebs cycle intermediates (citrate, malate, succinate, fu- 
marate, and a-ketoglutarate) were determined by HPLC us- 
ing a Dionex DX500 chromatography system (Dionex; Sunny- 
vale, CA) containing an lonPac ASu analytical column, an 
anion self-regenerating suppressor in autosuppression exter- 
nal water mode, and a CD20 conductivity detector (29). With 
the use of a computer, the column eluent was generated by 
the mixture of appropriate volumes of aqueous NaOH (200 
mM) and 16% methanol. The initial eluant was composed of 
2% NaOH-98% methanol. After an initial 5-min equilibration 
period, NaOH was increased linearly from 2 to 35% over 25 
min (flow rate of 2.0 ml/min.). This provided the best sepa- 
ration of TCA cycle dicarboxyUc and TCA. This method did 
not, however, resolve aspartate and glutamate, so these were 
assayed independently with the use of a fluorometric assay 
(17). Chromatographic peak areas were measured using the 
PeakNet software provided by Dionex and converted to quan- 
titative values by calibration with known standards. 

Modeling 

Metabolite pool sizes, ^^C fractional enrichments, and 
HMQC-TOCSY and ^^C NMR multiplet data were used in a 
kinetic model (tcaFLUX) to evaluate TCA cycle flux (Vtca). 
the exchange flux (Vx), anaplerosis (y), a^d the fractional 
contribution of [2-^^C]acetate to acetyl-CoA (Fc2). The pro- 
gram tcaFLUX (9) is an extension of a kinetic model based on 
the study by Chance et al. (4). 

RESULTS 

Hearts Perfused with [2-^^C]acetate ± AOA 

Tissue levels of TCA cycle intermediates. Table 1 
summarizes anal3i;ic data for a few TCA cycle interme- 
diates plus glutamate and aspartate. Only aspartate 
and citrate v/ere significantly higher in hearts perfused 
with AOA versus controls. 

^^C NMR spectra, [2-^3C] acetate is efficiently ofl- 
dized by heart tissue and this is reflected in isotopic 
scrambling of the ^^C tracer into all possible positions 



AJP-Heart Circ Physiol • VOL 281 • SEPTEMBER 2001 • www.ajpheart.org 



TCA CYCLE KINETICS BY INDIRECT iH["C] DETECTION 



H1415 



Table 1- Total tissue metabolite content in hearts 
perfused with 2 mM [2'^^C]acetate 
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Amount, jimol/g dry wt 



jletabolite 



Control (n = 31) 



With AOA (n = 37) 



Glutamate 
^partate 
Fumarate 
a-Ketoglutarate 

Malate 
Succinate 
Citrate 



32.0 ±8.2 
2.21 ±0.77 
0.01 ±0.01 
0,07 ±0.04 
0.10 ±0.03 
0.25 ±0.07 
0.32 ±0.08 



30.9 ±6.5 
5.32 ±1.75° 
0.03 ±0.02 
0.06 ±0.05 
0.09 ±0.02 
0.20 ±0.03 
0.83 ±0.22^ 



Values are means ± SD; n, no. of rats. AOA, aminooxyacetate. 
Glutamate and aspartate data were obtained by fluorometric assay; 
others by HPLC. *P < 0.05, significantly different from controls. 



of TCA cycle intermediates and all other metabolites in 
exchange with those intermediates (i.e., aspartate and 
glutamate) (4). This ^^C isotopic scrambhng is evident 
in the time-dependent evolution of glutamate multi- 
plets (4, 9, 18). For example, the glutamate C3 reso- 
nance evolves as a singlet (C3S, reflecting isotopomers 
enriched at C3 but not at C2 or C4), a doublet (C3D, 
reflecting isotopomers enriched at C3 and either C2 or 
C4), and a triplet (C3T, reflecting isotopomers enriched 
at C2, C3, and C4). The C3 resonances shown in Fig. 1 
collected at two early perfusion times illustrate the 
sensitivity of these multiplets to partial inhibition of 
transaminases by AOA. The graphs on the right illus- 
trate the complete temporal evolution of the glutamate 
C3D and C3T over 45 min aft;er exposure to [2--^^C]ac- 
etate ± AOA. For hearts with AOA, C3D was always 
lower than C3T, whereas in control hearts, C3D was 
greater than C3T at both 3 and 6 min. The glutamate 
C4and C2 multiplets also evolve with time of perfusion 



C3S J3T ^;^0A 




and reach an apparent isotopic steady state at 45 min 
(data not shown). 

HMQC-TOCSY spectra. Figure 2 illustrates HMQC- 
TOCSY spectra of extracts of hearts perfused for 6 min 
with 2 mM [2-^3Q]a^.g^3^^ + These 2D spectra 

show several ^H-^^C cross peaks that can be attributed 
to groups of glutamate ^^C isotopomers that differ from 
those reported by the one-dimensional ^^C spectra (3). 
For example, the triad of cross peaks labeled C3H4 
reflect two groups of glutamate ^^C isotopomers, those 
enriched in both C3 and C4 (given by the outer C3H4D 
cross peaks) and those enriched in C3 but not C4 (given 
by the central C3H4S cross peak). The graphs above 
each HMQC-TOCSY spectrum report the C3H4D and 
C3H2D cross-peak volumes as a function of perfusion 
time. As illustrated for only two HMQC-TOCSY mul- 
tiplets, these spectra are also sensitive to the presence 
or absence of AOA. Similar graphs were obtained for 
all other HMQC-TOCSY cross-peak multiplet volumes. 

NMR spectra of isolated glutamate. Figure 3 
shows expanded regions of the ^H NMR spectra of 
glutamate isolated from hearts perfused with sodium 
[2-^^C] acetate ± AOA for 6 min. Clearly, hearts per- 
fused without AOA achieve a much higher level of ^^C 
enrichment than do hearts perfused with the inhibitor 
at this early time point. The graphs above the two 
spectra in Fig. 3 show the ^^C-fractional enrichments 
of glutamate C3 and C4 as a function of perfusion time. 
Both C3 and C4 reach steady-state ^^C fractional en- 
richment at —30 min in control hearts but these values 
appear to be only approaching steady state at 45 min in 
hearts perfused with AOA. Nevertheless, glutamate 
reaches the same level of ^^C enrichment at isotopic 
steady state in both experiments (±AOA) as evidenced 
by the identical Fc^ values (see Tables 2 and 3). 



C3T 



C3D 



03691215 



Controls 




C3T 



Ix. JUliUUL 1 



27.8 



27.8 




Fig. 1. Glutamate C3 expansions from 
150.9-MHz ^^C nuclear magnetic reso- 
nance (NMR) spectra of extracts from 
rat hearts perfused for either 3 min or 
6 min with 2 mM [2-^^Q]eiceta.ie ± 0.5 
mM aminooxyacetate (AOA), The ^^C 
multiplet component C3T is relatively 
more intense in the AOA-perfused 
than in control hearts both at 3 and 6 
min. Right: temporal evolution of C3T 
and C3D multiplets (see text for de- 
tails). 
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Controls 
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Fig. 2. Heteronuclear multiple quan- 
tum correlation-total correlation spec- 
troscopy (HMQC-TOCSY) (600 MHz) 
spectra from the extracts of two rat 
hearts perfused for 6 min with 2 mM 
[2- ^^C] acetate in the presence (right) 
and absence (left) of 0.5 mM AOA. The 
dashed-line boxes highlight some of 
the cross-peaks that can be used in a 
^^C isotopomer analysis. Top: graphs 
showing temporal evolution of two 
HMQC-TOCSY multiplet components, 
C3H4D and C3H2D, for both control 
and AOA-perfused hearts. In the AOA- 
perfused hearts, the curves approach 
each other, reflecting similar kinetics 
of ^^C appearance in C4 and C2. 
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Kinetic modeling using tcaFLUX, Table 2 reports 
values for Vtca, Vx, y, and the contribution [2-^^C] ac- 
etate to acetyl-CoA (Fc2) for control and AOA perfused 
hearts obtained by fitting the ^^C NMR multiplet data 
to tcaFLUX. Values in parentheses are 5-95% confi- 
dence limits determined for each parameter. Vtca was 
significantly higher 1.5-2-fold), whereas Vx was 
dramatically lower (^10-fold), in hearts perfused with 
AOA compared with controls. Fc2 and y were essen- 
tially unaffected by the inhibitor. These values are 
consistent with previous reports (25, 29). 

Table 3 summarizes flux values and other parame- 
ters determined by fitting the HMQC-TOCSY cross- 
peak multiplet data to the same kinetic model. There 
was excellent agreement between all parameters de- 
termined by the two NMR methods (none of the param- 
eters of Table 3 differ significantly from the corre- 
sponding parameter of Table 2). Again, Vtca tended to 
be higher (although the confidence intervals do over- 
lap), whereas Vx was lower, in hearts perfused with 
AOA. This comparison shows that HMQC-TOCSY 
data, although reflecting different groups of isoto- 
pomers than ^^C NMR, is sensitive to TCA cycle and 
related pathway kinetics. The solid lines drawn 
through the data of Figs. 1-3 represent the best fit of 
all data, ^^C NMR multiplets, HMQC-TOCSY cross- 
peak volumes, and ^^C fractional enrichments to the 



kinetic model. In general, the agreement is quite good 
for all of the data shown; the largest deviation was 
found for the limiting fractional ^^C enrichments in 
control hearts as determined by ^H NMR (Fig. 3). 

Hearts Perfused With [2-^^C]acetate and Propionate 

Tissue levels of TCA cycle intermediates. Table 4 
summarizes analytic data for selected TCA cycle inter- 
mediates, glutamate, and aspartate for hearts per- 
fused with a combination of acetate and propionate. 
Total tissue glutamate was lower by ^3-fold, aspartate 
was —10-fold higher, while malate >^as -120-fold 
higher, for hearts perfused with a combination of ace- 
tate plus propionate compared with acetate alone (24). 
The sum of all tissue metabolites shown was ~33^ 
higher in hearts perfused with acetate plus propionate 
compared with acetate alone. These changes reflect an 
altered metabolic steady state resulting from influx of 
propionate into the TCA cycle pools via succinyl-CoA 
and matched by an equivalent disposal flux of a four- 
carbon intermediate, likely malate to pyruvate [flux of 
this pyruvate into acetyl-CoA and the TCA cycle, p^^ 
viously given the S3m[ibol yox (in Ref. 10), is therefore 
assumed equal toy]. 

HMQC-TOCSY spectra. Figure 4 shows selected re- 
gions of HMQC-TOCSY spectra of extracts of hearts 
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Fig. 3. Temporal evolution of ^®C frac- 
tional enrichments in glutamate car- 
bons C3 and C4 for control (left) and 
AOA-perfused rat hearts (right). Bot- 
tom: spectra show the corresponding 
NMR spectra of glutamate purified 
from heart extracts after perfusion 
with [2-^^C] acetate for 6 min, without 
(left) and with (right) AOA. The 
fractional enrichment of all carbons is 
higher and there is a greater difference 
between the ^^C fractional enrich- 
ments of glutamate C4 and the two 
other carbons, C2 and C3, in the con- 
trol heart. The spectnun of the AOA 
heart shows that much more unen- 
riched glutamate is present at 6 min 
than in the control heart. 



perfused for 6 min with 2.0 mM [2- ^^C] acetate plus 1.5 
mM propionate ± 0.5 mM AOA. These regions illus- 
trate that isotopomer data can be derived for at least 
two four-carbon intermediates associated with the 
TCA cycle (malate and aspartate) in addition to gluta- 
mate. The triad cross peaks of aspartate C3H2 and 
malate C3H2 show that both four-carbon intermedi- 
ates at the 6-min time-point are made up of isoto- 
pomers with ^^C enrichment at both C3 and C2 (the 
doublets) and isotopomers with ^^C enrichment at C3 
but not C2 (the singlets). Clearly, the doublet compo- 
nent in each cross peak is higher in hearts perfused 
with AOA than without AOA. Also, the doublet compo- 
nents of aspartate C3H2 and malate C3H2 were equal 

1 in spectra collected at 6 min in control hearts, but the 
Dialate C3H2 doublet was higher than the aspartate 

^C3H2 doublet at this same time-point in hearts with 
AOA. This illustrates that AOA has differential effects 



nl^ 2. Kinetic analysis of hearts perfused with 
i3n ^^^^^^^^^ using ^^C isotopomer data derived from 
P NMR spectra 



g^Munol-min-i-g dry wt" 



Control (5-95%) 



+AOA (5-95%) 



Vtca 

y 

^C2 



10.9 (10.0-11.9) 
14.0 (11.0-17.9) 
0.02 (0.00-0.09) 
0.92 (0.90-0.95) 



19.4 (16.7-22.7)« 
1.50 (1.31-1.71)^ 
0.05 (0.03-0.08) 
0.88 (0.86-0.89) 



ys^' nuclear magnetic resonance; Vtca, tricarboxylic acid (TCA) 
• e flux; exchange flux;>', anaplerosis; Fc2, fractional contribu- 
?^t2-i3C]acetatetoacetyl-CoA. «P < 0.05, significantly differ- 
o^m the control group. 



on ^^C enrichment of the four-carbon TCA cycle inter- 
mediate, malate, compared with the four-carbon inter- 
mediate that is in exchange with cycle intermediates, 
aspartate. The graphs illustrate how these and other 
HMQC-TOCSY cross-peak volumes change as a func- 
tion of perfusion time. 

Kinetic modeling. The HMQC-TOCSY data derived 
from hearts perfused with acetate plus propionate 
were fit to the same kinetic model as described above 
for hearts perfused with acetate alone. Because propi- 
onate is essentially completely oxidized via pyruvate 
and acetyl-CoA in heart tissue (10, 24), it was assumed 
that y = yoxy i.e., flux of propionate through the TCA 
cycle and into acetyl-CoA. Table 5 summarizes the 
best-fit parameters and their 5-95% confidence limits. 
As anticipated, Vtca was ^2-fold lower and y was 
^10-fold higher in hearts perfused with acetate plus 
propionate compared with acetate alone (compare Ta- 
bles 3 and 5). Furthermore, the contribution of acetate 

Table 3. Kinetic analysis of hearts perfused with 
[2-^^C]acetate using ^^C isotopomer data derived from 
2D HMOC-TOCSY sn^Pctm 



Flux, ^,mol'min~^-g dry wt"^ 


Control (5-95%) 


+A0A (5-95%) 


Vtca 


12.5 (11.1-14.0) 


16.3 (13.8-19-1) 




17.3 (11.1-27.0) 


1.97 (1.30-3.00)^ 


y 


0.03 (0.01-0.08) 


0.08 (0.06-0.11) 


Fc2 


0.92 (0.89-0.94) 


0.90 (0.88-0.92) 



2D, two-dimensional; HMQC-TOCSY, heteronuclear multiple 
quantum spectroscopy correlation. < 0.05, significantly different 
from the control group. 
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Table 4. Total tissue metabolite content in hearts 
perfused with 2.0 mM [2-^^C]acetate plus 
L5 mM propionate 





Amount, jimol/g dry wt 


Metablite 


Control 
in = 4) 


+AOA 
in = 4) 


Glutamate 

Aspartate 

Fumarate 

a-Ketoglutarate 

Malate 

Succinate 

Citrate 


10.3 ± P 

21,7 ±5^ 
1.3 ±0.2^ 

0.03 ±0.01'' 
9.7 ±2*' 
0.6 ±0.4*^ 
0,6 ±0.3** 


10.5 ±P 
12.8±2<=-« 
1.3 ±0.2*= 
0.03 ±0.01^ 
7.3 ± 2*='* 
0.6 ±0.4^ 
0.6 ±0.3** 



Values are means ± SD; n. no. of rat hearts. ^Determined by 
enzymatic assay and fluorometric detection of reduced nicotinamide 
adenine dinucleotide, ^'by HPLC, and *=by NMR using an internal 
standard of [S-^^Clpropionate, **These metabolites were not detected 
m C NMR spectra so were assumed equal to that determined by 
HPLC in extracts of control hearts. < 0.05, significantly different 
from controls. 

to acetyl-CoA was considerably reduced in the presence 
of propionate (from 92 to 57%). Vx was comparable to 
Vtca in this group, although the uncertainty in Vx was 
noticeably higher. AOA had similar metabohc effects in 
hearts perfused with the acetate-propionate substrate 
combination compared with acetate alone; Vtca in- 
creased in response to AOA (almost twofold), Vx was 
again lower (but less so that without propionate), 
anaplerosis was stimulated by AOA, whereas the con- 
tribution made by [2- ^^C] acetate to acetyl-CoA (the Fc2 
parameter) was unaffected by AOA. 

DISCUSSION 

This study demonstrates that ^^C isotopomer data 
derived from multiplet areas in NMR spectra or 
from multiplet volumes in HMQC-TOSCY spectra of 
heart extracts exposed to ^^C-enriched substrates for 
variable time periods can be used as input to kinetic 
models of the TCA cycle. In hearts perfused with 2 mM 
[2-^^C] acetate alone, Vtca was 11.7 ixmol-min'^-g dry 
wt 1 (average of 2 values), whereas Vx was 15.6 
jimol-min ^-g dry wt"^ (average of 2 values) as esti- 
mated using either NMR data set. The value of Vtca 
determined here was similar to values reported previ- 
ously for hearts perfused with acetate [7.5 (25)* 10 1 
(33); 10.67 (31)] but Vx determined here appears to be 
somewhat higher than the corresponding flux reported 
previously [7.5 (25); 9.3 (33); 10.18 (31)]. The transam- 
inase inhibitor AOA had multiple complex effects on 
the kinetic data. First, the multiplets arising from 
multiply labeled isotopomers (see, for example, C3T in 
Fig. 1 and C3H2D in Fig. 2) appeared more rapidly 
with time in both NMR data sets. This is indicative of 
more rapid turnover of a smaller pool of tissue metab- 
olites in the presence of AOA, consistent with rapid 
a-KG±?Glu exchange within the mitochondrial ma- 
trix, followed by slower exchange of both metaboUtes 
with their larger cytosohc components (25). As antici- 
pated, Vx was substantially lower in the presence of 
AOA, decreasing -lO-fold from 15.6 to 1 74 



M-mol-min ^-g dry wt'^ As discussed below, Vx def 
mined in the presence of AOA likely reflects a rat 
limiting transaminase flux and not a metabolite 
change flux. Again, both NMR data sets reported J^' 
liar values for Vx. The decrease in Vx brought about h 
0.5 mM AOA in these experiments (10-fold) was mul[ 
larger than that found by Weiss et al. (29) using nn? 
0.1 mM AOA (twofold). ^ "^'J' 

One unanticipated result was an increase in Vrc 
found for all hearts perfused with AOA. A fit of the 
NMR data set indicated that Vtca increased from iqq 
to 19.4 |imol-min~^-g dry wt-\ whereas a fit of the 2D 
data set predicted an increase from 12.5 to 16 3 
fimol -min ^-g dry wf^ This 30-70% increase in V^v! 
brought about by partial inhibition of transaminases 
likely reflects a redistribution of metaboUtes between 
the cytosol and mitochondrial. We have shown previ- 
ously that tissue glutamate is not fully visible by NMr 
in isolated hearts exposed to AOA and ascribed this to 
a net shift in glutamate from the cytosol to the mito- 
chondrial matrix (25). This could also occur with other 
components of the malate-aspartate shuttle and 
thereby give the cell less ability to transport reducing 
equivalents from the cytosol to the mitochondria. Thus 
the increase in Vtca brought about by partial inhibi- 
tion of transaminases indicates that the contribution of 
cytosohc reduced nicotinamide adenine dinucleotide to 
overall energy production is lower in hearts perfused 
with acetate plus AOA. We demonstrated previously 
that AOA does not alter O2 consumption by heart 
tissue (25), so any decrease in contribution of cytosolic 
reducing equivalents would require a higher flux 
through the oxidative TCA cycle. 

Hearts perfused with [2-i3C]acetate plus propionate 
showed substantial kinetic differences compared with 
those perfused with [2-1^0] acetate alone. We have 
shown in previous reports that propionate is efficiently 
oxidized in heart tissue via the TCA cycle, pyruvate, 
and subsequently acetyl-CoA (10, 24). Thus, given that 
additional FADH2 is produced by propionate at the 
level of succinate dehydrogenase plus two additional 
reducing equivalents are formed at the level of the 
maKc enzyme and pyruvate dehydrogenase (PDH), one 
would anticipate that Vtca would be significantly re- 
duced in hearts perfused with propionate. Clearly, 
Vtca was significantly reduced when propionate was 
present, compared with acetate alone (5.3 vs. IIV 
jimol-min ^-g dry wt~^) because of the three extra 
reducing equivalents produced along this oxidative 
pathway (succinyl-CoA malate -» pyruvate 
acetyl-CoA). It has been shown (S. C. Burgess, E. 
Babcock, A. D. Sherry, and C. R. Malloy, unpubUshed 
observations, 32, 33) that perfusion of hearts with any 
substrate that contributes non-TCA cycle-reducing 
equivalents (i.e., butyrate, lactate, or octanoate) re- 
sults in a decrease in Vtca relative to hearts perfused 
with acetate alone. Given that y was -35% of Vtca 
hearts perfused with acetate plus propionate, one 
would predict that propionate (the only anaplerotic 
substrate present) would contribute one (0.35 X 3 = 
1.05) extra reducing equivalent for each turn of the 
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Fig. 4. HMQC-TOCSY (600 MHz) spectra 
of extracts of hearts perfused for 6 min 
with 2.0 mM [2-i3C] acetate plus 1.5 mM 
propionate in the presence {right) and ab- 
sence Heft) of 0.5 mM AOA. HMQC- 
TOCSY 2D plots illustrate the difference 
in ^^C labeling between malate (Mai), a 
tricarboxylic acid (TCA) cycle intermedi- 
ate, and glutamate (Glu) and aspartate 
(Asp), two metabolic intermediates in ex- 
change with TCA cycle intermediates. 
Bottom: complete temporal appearance of 
the malate and aspartate C3H2D cross- 
peak volumes. 
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TCA cycle (4 reducing equivalents). Given this stoichi- 
lometry and the assumption that O2 consumption is not 
|ltered by propionate, Vtca should be -^25% lower in 
^he presence of propionate. The fact that we observed 
^ ^50% decrease in Vtca indicates that propionate 
PLS more complex effects on metabolism. Latipaa et al. 
||4) have shown that propionate fully activates the 
[Eruvate dehydrogenase complex via phosphorylation 

l|lble 5. Kinetic analysis of hearts perfused with [2- 
■iC/aceto^e and propionate based on ^^C isotopomer 
derivpA frnm 9J) NMOC-TOnRy anprfrn 



^^t^ol-min-i-g dry wt"^ 


Control, 5%-95% 


+AOA, 5%-95% 


H- V'tca 


5.3 (4.7-6.0) 


8.6 (7.5-9.8)** 


E 


6.3 (3.3-12.2) 


2.3 (1.3-3.9) 




0.35 (0.27-0.44) 


0.56 (0.49-0.64)*> 


BS^ ^C2 


0.57 (0.55-0.59) 


0.61 (0.59-0.63) 



grJP'°*^®*^ure. "Here, anaplerotic flux of propionate (1.5 mM) into 
jgyA cycle (relative to Vtca) must equal flux of a cycle interme- 
mto pyruvate, acetyl-CoA, and the oxidative branch of the TCA 
|(given as yo» in Ref 10). < 0.05, significantly different firom 
W^trol group. 



yet flux through PDH is reduced in the presence of 
propionate due to the combined effects of low-tissue 
CoA and partial inhibition of PDH by the high tissue 
levels of propionyl-CoA and methylmalonyl-CoA. This 
suggests that hearts may turn toward alternative, non- 
glycol3i;ic sources of acetyl-CoA in the presence of pro- 
pionate, consistent with a lowering of the contribution 
of [2-^^C]acetate to acetyl-CoA (the Fc2 parameter) 
observed here. A lowering of free CoA by propionate 
could also directly alter Vtca by lowering flux through 
a-ketoglutarate dehydrogenase, an enzyme that has a 
strict requirement for free CoA. 

Interestingly, Vx was also substantially lower in the 
presence of propionate (6.3 vs. 15.7 ^imol-min~-^-g dry 
wt~^ for acetate alone). Although one might anticipate 
that the "extra" reducing equivalents produced by ox- 
idation of propionate would stimulate the malate-as- 
partate shuttle and hence increase Vx as suggested 
before for lactate (32), the exact opposite was observed. 
This indicates again that propionate has multiple con- 
trasting effects on metabolism. Some of the enzymes 
required for complete oxidation of propionate are mi- 
tochondrial in origin (succinyl-CoA malate) so pro- 
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pionate directly contributes mitochondrial-reducing 
equivalents without invoking the malate-aspartate 
shuttle. It is perhaps then not surprising that less 
shuttle activity is required for propionate oxidation 
and, hence, Vx decreases. The metabolic consequences 
of propionate are complex; it reduces the TCA cycle 
energy requirement by directly producing mitochondn- 
al-reducing equivalents yet, at the same time, it re- 
duces the level of free CoA available to mitochondrial 
enzymes. The net metaboUc result is a reduction in 
both Vtca and Vx. We have observed (unpublished 
observations) that hearts do not perform well when 
perfused with propionate as their sole substrate for an 
extended period of time (~2 h), consistent with limited 
energy production by mitochondrial reactions. 

The addition of AO A to hearts perfused with acetate 
plus propionate had predictable effects on both Vtca 
and Vx. Vx was further decreased in the presence of 
AOA and, interestingly, to nearly the same level as in 
hearts perfused with acetate alone (compare 1.5 vs. 2.3 
|xmol-min"^'g dry wt"^ for acetate vs. acetate plus 
propionate, respectively). This is consistent with Vx 
reflecting a different rate-limiting step in the presence 
of AOA than in its absence. The fact that Vx dropped to 
the same level on addition of AOA to acetate versus 
acetate plus propionate hearts is consistent with a rate 
limited by transaminase flux. Interestingly, AOA par- 
tially reverses the deleterious effect propionate has on 
Vtca, exactly as expected for a metabolic system that 
may be Umited by levels of mitochondrial a-KG. This 
again is consistent with a net shift in intermediates 
from the cytosol to the mitochondria in the presence of 
AOA, thereby stimulating Vtca and energy production. 

What additional kinetic information, if any, is provided 
by the malate and aspartate isotopomers detected in 
HMQC-TOCSY spectra (Fig. 4) of hearts perfused with 
acetate plus propionate compared with glutamate isoto- 
pomers alone? Table 6 compares the spread in 5-95% 
confidence Umits for Vtca and Vx that one finds by fitting 
glutamate isotopomer data alone, glutamate plus aspar- 
tate isotopomer data, glutamate plus malate isotopomer 
data, and isotopomer data from all three metaboUtes 
combined. The time-dependent appearance of aspartate 
isotopomers basically parallels that seen in glutamate 
because both molecules are enriched via transamination 
of TCA cycle intermediates. The data in Table 6 show 

Table 6. Comparison of confidence intervals for Vtca 
and Vx obtained by flatting isotopomer data from 
glutamate alone, glutamate plus asparate, and 



Isotopomers 
Included in Fit 


Confidence 
Intervals (95%-5%) 
Control Hearts 


Confidence 
Intervals 
(95%-5%) +AOA 


Vtca 


Vx 


Vtca Vx 


Glu alone 
Glu + Asp 
Glu + Mai 
Glu + Asp + Mai 


1.5 
1.4 
1.4 
1.3 


18,8 
11.1 
12.0 
9.0 


2,2 7.9 

2.2 4.9 
2.6 2,7 

2.3 2.6 



Glu, glutamate; Mai, malate; Asp, asparate. 
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that inclusion of both glutamate and aspartate data does 
httle to improve the confidence limits for Vtca but does 
improve sUghtly the confidence limits for Vx. A similar 
improvement in the confidence limits for Vtca and Vx 
was observed by comparing the fits of glutanaate data 
alone versus the glutamate plus malate data in control 
hearts. In AOA-perfused hearts, however, inclusion of 
the malate data makes a marked improvement on the 
confidence limits for Vx. 

One would predict a priori that malate would become 
enriched somewhat faster in the presence of AOA be- 
cause the size of the exchanging aspartate and gluta- 
mate pools would be effectively smaller during isotopic 
turnover. Plots of the temporal appearance of malate 
and aspartate C3H2D are compared in Fig. 4. The solid 
lines through the data reflect the isotopomer popula- 
tions predicted by the kinetic model described in Table 
5. Here, one sees that the malate and aspartate C3H2D 
volumes essentially track one another in control hearts 
although enrichment of aspartate- requires an addi- 
tional transaminase step. In the presence of AOA, both 
malate and aspartate become enriched more quickly, 
as predicted for smaller exchanging pool sizes, but the 
malate also clearly approaches steady-state enrich- 
ment more rapidly than aspartate. Here, the kinetic 
model reproduces the aspartate and glutamate data 
reasonably well but rather poorly predicts the isoto- 
pomer distribution in malate. This indicates that Vx 
reported by the kinetic analysis of these hearts reflects 
transaminase flux, whereas a fit of the malate data 
alone would give a different Vx value reflecting instead 
a transport step. All of our observations are consistent 
with the hypothesis offered by Yu et al. (33) that Vx in 
control hearts reflects a transport process involving 
exchange of a metabolite labeled in the TCA cycle with 
a larger counterpart in the cytosol. In hearts perfused 
with AOA, Vx is apparently limited by flux through the 
transaminases rather than a transport flux so a sepa- 
rate fit of malate isotopomer data may allow the deter- 
mination of both the transaminase and transport 
fluxes. . 

This study has shown that equivalent kinetic data is 
derived from ^^C isotopomer data obtained by either 
direct ^^C observe or indirect HMQC-TOCSY NMR 
spectroscopy. Thus the possible advantages offered by 
the greater sensitivity of the 2D metij^od were not 
realized in this study because the amount of tissue 
available for analysis was not limiting. However, the 
HMQC-TOCSY method could prove important when 
analyzing kinetic data in situations where tissue sam- 
ples may be hmiting (i.e., tissue biopsies or perfused 
mouse hearts) or if a high-field NMR spectrometer is 
not available. The reported -5-fold increased sensitiv- 
ity of the method (3) does offer the possibility of detect- 
ing more metabolites than direct ^^C observe spectros- 
copy and such data should provide added value m 
fitting ^^C isotopomer data to ever increasingly more 
complex kinetic models. 

This work was supported in part by National Institutes of Health 
Grants HL-34557 and RR-02584. R. A. Carvalho was supported oy 
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Locations of Local Anesthetic Dibucaine in Model Membranes and the 
Interaction between Dibucaine and a Na^ Channel Inactivation Gate 
Peptide as Studied by ^H* and ^H-NMR Spectroscopies 

Yoshihiro Kuroda,* Masahiro Ogawa,* Hirosato Nasu,* Maiko Terashima,* Mikio Kasahara,* Yasunori Kiyama,* 
Misako Wakita,* Yasuhiro Fujiwara,^ Nobutaka Fujii,* and Terumichi Nakagawa* 

*Faculty of Pharmaceutical Sciences, Kyoto University; ^Nippon Shinyaku Co.; and ®Kyoto Pharmaceutical University, Kyoto, Japan 

ABSTRACT To study the nnolecular mechanisms of local anesthesia, locations of local anesthetic dibucaine in model 
membranes and the interactions of dibucaine with a Na"^ channel inactivation gate peptide have been studied by ^H- and 
^H-NMR spectroscopies. The ^H-NMR spectra of dibucaine-dg and dibucaine-d^, which are deuterated at the butoxy group 
and at the 3 position in its quinoline ring, respectively, have been observed in multilamellar dispersions of the lipid mixture 
composed of phosphatidylcholine, phosphatidylserine, and phosphatidylethanolamine. ^H-NMR spectra of deuterated 
palmitic acids incorporated, as a probe, into the lipid mixture containing cholesterol have also been observed. An order 
parameter, Sqd, for each carbon segment was calculated from the observed quadrupole splittings. Combining these results, 
we concluded that first, the butoxy group of dibucaine is penetrating between the acyl chains of lipids in the model 
membranes, and second, the quinoline ring of dibucaine is located at the polar region of lipids but not at the hydrophobic acyl 
chain moiety. These results mean that dibucaine is situated in a favorable position that permits it to interact with a cluster of 
hydrophobic amino acids (lle-Phe-Met) within the intracellular linker between domains III and IV of Na"^ channel protein, which 
functions as an inactivation gate. To confimn whether the dibucaine molecule at the surface region of lipids can really interact 
with the hydrophobic amino acids, we synthesized a model peptide that includes the hydrophobic amino acids (Ac- 
GGQDIFMTEEQK-OH, MP-1), the amino acid sequence of which corresponds to the linker part of rat brain type HA Na"^ 
channel, and the one in which Phe has been substituted by Gin (MP-2), and measured ''H-NMR spectra in both phosphate 
buffer and phosphatidylserine liposomes. It was found that the quinoline ring of dibucaine can interact with the aromatic ring 
of Phe by stacking of the rings; moreover, the interaction can be reinforced by the presence of lipids. In conclusion, we wish 
to propose that local anesthesia originates from the 7r-stacking interaction between aromatic rings of an anesthetic molecule 
located at the polar headgroup region of the so-called boundary lipids and of the Phe in the intracellular linker between 
domains III and IV of the Na"^ channel protein, prolonging the inactivated state and consequently making it impossible to 
proceed to the resting state. 



INTRODUCTION 

Since the discovery by Sigmund Freud in Heidelberg of 
local anesthesia by cocaine, many chemicals have been 
proposed as local anesthetics (Ritchie and Greene, 1985; 
Covino, 1987). Their molecular structures have a similarity 
in that they have the following chemical arrangement: an 
aromatic ring, an intermediate chain including an amide or 
an ester linkage, and a tertiary amine nitrogen. Thus these 
chemicals are amphiphilic in nature, and owing to the pres- 
ence of the tertiary amine nitrogen, they can exist as both 
cationic and uncharged molecular forms, depending on their 
pKa and the pH of the fluid surrounding nerve membranes. 
The mechanism of action of the local anesthetics upon 
excitable membranes, which appears to be well established 
so far, is 1) diffusion of the uncharged form of the local 
anesthetic across the nerve sheath and nerve membrane; 2) 
reequilibration between the uncharged and cationic forms 
on the axoplasmic surface of the nerve membrane; and 3) 
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penetration into and attachment to a receptor at a site within 
the sodium channel (Covino, 1987; Strichartz and Ritchie, 
1987). However, the molecular nature of the local anesthetic 
site(s) of action remains unclear. Debate has focused on ' 
whether such sites are purely lipid in nature or whether 
protein targets may be involved. A good correlation be- 
tween the potency of local anesthetics and their ability to 
penetrate artificial lipid membranes gives support for the 
former view (Trudell, 1977, 1980), whereas the use-depen- 
dent anesthetic block, the stereospecific ^effects of local 
anesthetics, and the higher affinity binding of anesthetic for 
the inactivated channels than for the activated ones support 
the latter (Strichartz and Ritchie, 1987; Courtney and Stri- 
chartz, 1987). 

Recently two notable papers that urge us to study the 
molecular mechanisms of local anesthesia have been pub- 
lished. One is related to the Na"*" channel inactivation gate in 
rat brain type HA Na"*" channel by Catterall et al. (Patton et 
al., 1992; West et al., 1992), and the other is related to the 
amine blockers of the cytoplasmic mouth of Na"*" channels 
by Zamponi and French (1994). Catterall et al. have re- 
ported that they successfully specified the amino acid resi- 
dues required for fast Na"*" channel inactivation and have 
proposed a "hinged-lid" model of the Na"*" channel inacti- 
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vation gate (Patton et al., 1992; West et al, 1992). In this 
model, a cluster of hydrophobic amino acids, He- 1488, 
Phe-1489, and Met-1490 within the intracellular linker be- 
tween domains HI and IV of the channel protein (Fig. 1), 
occludes the intracelluar mouth of the activated Na"*" chan- 
nel (Fig. 2) and stabilizes the inactivated state, making use 
of Gly.1484 (or Gly-1485, or both) and Pro-1509 residues 
on either side of the IFM domain as hinge points. On the 
other hand, Zamponi and French have reported that for a 
drug to function as an inactivation enhancer, it is necessary 
that the aromatic ring of the drug bind to a hydrophobic 
domain (Fig. 2) within the internal mouth of the channel 
(Zamponi and French, 1994). 

By taking these two reports into consideration and by 
noting that there are negatively charged amino acids only on 
both sides of the EFM amino acid residues (Asp- 1487, 
Glu-1492, and Glu-1493; see Figs. 1 and 2) in the linker, we 
hypothesized as follows: 1) local anesthetics locate within 
lipid membranes surrounding domains III and IV, allowing 
their hydrophobic moieties to interact simultaneously with 
both lipids and one or two of the three hydrophobic amino 
acids of ne.l488, Phe-1489, or Met-1490; 2) the tertiary 
amine nitrogen, especially in its protonated quaternary am- 
monium form, interacts electrostatically with one of the 
three negatively charged amino acids that occur on both 
sides of the three hydrophobic amino acids. These assump- 
tions can explain all of the reasoning involved in the two 
conflicting models of molecular mechanisms of local anes- 
thesia. However, for these assumptions to be proved correct, 
as a first step we should confirm whether all local anesthetic 
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HGURE 2 A hinged-lid model for Na"^ channel inactivation (Patton et 
al., 1992; West et al, 1992) and schematic representation of the interaction 
between a local anesthetic drug and the amino acid residues in the inacti- 
vation gate peptide. 



molecules reside at the polar headgroup region of the mem- 
branes, rather than at the hydrophobic acyl chain region. 
This is because the "hinged lid" occupies a position within 
the aqueous channel pore (Fig. 2), and thus local anesthetics 
should also locate at a site within the hydrophilic regions of 
the channel. We assumed that such an interfacial site be- 
tween the hydrophobic site suggested by Zamponi and 
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French and the hydrophilic region in which the^ hinged-lid 
exists is provided by the polar headgroup region of the 
so-called boundary lipids, and not by the channel protein. 

The local anesthetic dibucaine (Fig. 3) was selected for 
use in the present experiments. The molecule consists of a 
big quinoline ring, which seems to be the most hydrophobic 
aromatic ring among the clinically used local anesthetics. 
Therefore, elucidating its location in lipid membranes can 
be a promising means of testing the above assumptions. 
^H-NMR spectroscopy has been employed to investigate 
the location of the dibucaine molecule (Seelig, 1977). 
The ^H-NMR spectra of the deuterated dibucaine at the 3 
position in its quinoline ring and at the butoxy group in 
multilamellar dispersions of phospholipids, composed of 
phosphatidylcholine (PC), phosphatidylserine (PS), and 
phosphatidylethanolamine (PE, PC:PS:PE = 1:1:2.5 mo- 
lar ratio), which contain or do not contain cholesterol 
(phospholipidsrcholesterol = 7:3 molar ratio), have been 
observed. The ratio of the amount of each lipid (PC:PS: 
PE = 1:1:2.5 molar ratio) is that reported for the phos- 
pholipids at the inside of human erythrocyte ghost (Op 
den Kamp, 1979), whereas the ratio of the amount of the 
total phospholipids to cholesterol (7:3 molar ratio) is 
approximately one-half that reported for the total phos- 
pholipids and cholesterol of the whole human ghost (Ma- 
raviglia et al., 1982), but approximately equal to that 
reported for the excitable membranes of the garfish ol- 
factory nerve (Chacko et al., 1976). Moment analyses 
(Bloom et al., 1978; Davis et al, 1979; Nichol et al., 
1980) have been applied to the observed ^H-NMR spec- 
tra, because the observed spectra are made up by the 
superposition of spectra due to variously oriented dibu- 
caine molecules. 

Effects of dibucaine on the orientational order of meth- 
ylene groups of the multilamellar dispersions of phospho- 
Upids have been studied by ^H-NMR spectroscopy. Deuter- 
ated palmitic acid was incorporated into the lipid mixture as 
a probe of the lipid structure. An order parameter 5cd for 
each carbon segment was calculated from the quadrupole 
splitting in the ^H-NMR spectra. By taking all of these 
^H-NMR spectroscopic data into account, we deduced the 
location of dibucaine in membranes and concluded that the 
quinoline ring of dibucaine is located at the polar headgroup 
region of lipids. 

To ascertain whether the dibucaine molecule located at 
the polar headgroup region of lipids can actually interact 



with the hydrophobic amino acids, especially with Phe, we 
synthesized a model peptide that includes the IFM domain 
in the linker (Ac-GGQDIFMTEEQK-OH) named MP-1 and 
another in which Phe has been substituted by Gin (MP-2). 
'H-NMR spectra of dibucaine in the presence of MP-1 or 
MP-2 in both phosphate buffer and phosphatidylserine li- 
posomes have been observed to obtain information on the 
interactions. Finally, we discuss all of the results in relation 
to the interaction between local anesthetics and the Na"*" 
channel inactivation gate to elucidate the molecular mech- 
anisms of local anesthesia. 



MATERIALS AND METHODS 
Materials 

Dibucaine hydrochloride deuterated at the 3 position in the quinoline ring 
(dibucaine-di) was synthesized from isatin according to the scheme shown 
in Fig. 4 (Miescher, 1932) (m.p. 91-96X). The percentage of deuteration 
was checked by *H-NMR spectroscopy and was found to be 83%; this 
rather low percentage of deuteration was later found to be due to the use of 
C4H9OH instead of C4H9OD at the final stage of the reaction. The dibu- 
caine hydrochloride deuterated at the butoxy group was synthesized by 
using C4D9OH instead of C4HgOH (Fig. 4). The percentage deuteration 
was greater than 99% (m.p. 91-96°C). Palmitic-dj acids deuterated at 
various positions (C4, C6, C9, or CIO) were synthesized starting from 
relevant a-deuterated fatty acids and dicarboxylic acid monomethyl esters 
by the method of Kolbe electrolysis (Greaves et al., 1950); we followed the 
method described by Oldfield et al. (1978). The percentages of deuteration 
were checked by 'H-NMR spectra and found to be greater than 85% for 
each palmitic-dj acid. Palmitic-d3| acid was obtained from MSD Iso- 
topes (Montreal, Quebec, Canada). PaImitic-2,2-d2 acid and palmitic- 
3,3-d2 acid were obtained from C/D/N Isotope Inc. (Vaudreuil, Quebec, 
Canada). Peptides MP-1 (Ac-GGQDIFMTEEQK-OH) and MP-2 (Ac- 
GGQDIQMTEEQK-OH) were synthesized by the solid phase method 
using Fmoc chemistry; their N-tennini were acetylated (denoted by Ac-), 
and their C-termini were free carboxylic acids (denoted by -OH). They 
were purified on a reverse-phase Cig high-performance liquid chromatog- 
raphy column using a gradient of 85% A, 15% B to 60% A, 40% B, where 
A is 0,1% trifluoroacetic acid (TFA) in water and B is 0.1% TFA in 
acetonitrile; the rate of decrease in A was 25%/50 min. They were char- 
acterized by determination of amino acid composition by ion spray mass 
spectrometry. 

Egg yolk L-a-phosphatidylcholine (egg PC), bovine brain L-a-phospha- 
tidylserine (PS), egg yolk L-a-phosphatidylethanoIamine (PE), and choles- 
terol were obtained from Sigma and used without further purification. 
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FIGURE 3 Chemical structure of dibucaine hydrochloride and the num- 
bering scheme. 



FIGURE 4 Reaction scheme to synthesize the dibucaine deuterated at 
the 3 position in the quinoline ring. 
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Deuterium-depleted water (<5 X 10"^ atom %D) was obtained from 
ISOTEC (Miamisburg, OH). 

Determination of the gel-to-liquid crystalline phase transition tempera- 
ture of multilamellar dispersions of the lipid mixture composed of PC, PS, 
and PE (PC:PS:PE =1:1 :2.5 molar ratio) was made by monitoring the lock 
signal provided from an isotonic (310 mOsm, 150 mM) phosphate buffer 
in ^HjO and was found to be 274 K. 

The partition coefficients of dibucaine for the lipid mixture that contains 
cholesterol and palmitic acid and dispersed in the phosphate buffer (pH 7.2 
and pH 5.2) were obtained by fluorometrically determining the concentra- 
tions of dibucaine not binding with the membranes. The measured solu- 
tions were obtained by ultrafiltration of the lipid mixture suspended in the 
phosphate buffer. 



Preparation of sample solutions for 
^H-NMR measurements 

Lipid mixture solutions 

The thin fihns of the mixmres of PC, PS, and PE (PC:PS:PE = 1:1:2.5 
molar ratio, 60-70 mM) that contain or do not contain cholesterol (phos- 
pholipids:cholesterol = 7:3 molar ratio) were prepared by concentrating 
their chloroform/methanol solution with a rotary evaporator and then 
pumping on a vacuum line overnight. Then- multilamellar dispersions were 
prepared by vortexing vigorously the round-bottomed flask containing the 
thin fihns and an isotonic (310 mOsm, 150 mM, pH 7.4 or 5.6) phosphate 
buffer in deuterium-depleted water for 5 min. A weighed amount of 
dibucaine-dj (12 mM) or dibucaine-d9 O mM) dissolved in the phosphate 
buffer was added before the vortexing. To equilibrate the state of anes- 
thetics interacting with lipids completely, the multilamellar dispersions of 
model membranes were subjected to five freeze-thaw-vortex cycles (West- 
man et al., 1982). Finally, the pH of the sample solution was checked and 
adjusted to a desired value by adding a trace amount of Na2HP04 or 
NaH2P04. 

Lipid mixture solutions with cholesterol and deuterated 
palmitic acid 

The PC, PS, and PE in a chloroform/methanol solution (60 mM) were 
mixed with cholesterol (25 mM) and deuterated palmitic acid (20 mM), and 
then the solvent was evaporated by pumping with a vacuum line overnight. 
Thus obtained thin films were dispersed into the deuterium-depleted water 
(310 mOsm, pH 7.4 or 5.8) by vortexing. A weighed amount of dibucaine 
(3 mM) was dissolved in the suspension and then subjected to five 
freeze-thaw-vortex cycles. 

Preparation of sample solutions for 
^H-NMR measurements 

A weighed amount of dibucaine hydrochloride (3 mM) with or without 
peptide (3 mM) was dissolved in the phosphate buffer (10% ^H2O-90% 
HjO, 310 mOsm, 150 mM), and the pH of the sample solution was adjusted 
to 7.4 by adding a trace amount of Na2HP04 or NaH2P04. Single bilayer 
vesicles (liposomes) of PS were prepared by ultrasonic irradiation of the 
phosphate buffer suspension (in ^H20) of dried PS (15 mM) for 20 min, 
cooling in an ice/water bath, and bubbling with nitrogen gas. A weighed 
amount of dibucaine (3 mM) with or without peptide (3 mM) was added to 
the solution of preformed vesicles; the pH was adjusted to 7.4 by adding a 
trace amount of Na2HP04 or NaH2P04. 

Measurements 

^H-NMR spectra were observed at 92 MHz on a Bruker AM-600 spec- 
trometer equipped with a usual broadband probe for high-resolution ^fMR 
spectroscopy. The quadrupolar echo sequence was employed (Davis et al.. 



1976); 7r/2 = 10 fis, and its pulse spacing was 50 fis. A typical observing 
spectral width was 50,000 Hz for 16 K data points, and the recycle time 
was 0.26 s. The acquired number of transients was typically 300,(X)0 (—22 
h) for a sample solution containing dibucaine-d„ 2(X),000 (^15 h) for a 
sample solution containing dibucaine-dg, and 250,000 (—20 h) for a sample 
solution containing 20 mM deuterated palmitic acid. No symmetrization 
procedure was performed. An exponential weighting function with a line 
broadening factor of 50-100 Hz was applied to the free induction decay 
acquired with 16 K data points and zero-filled to 64 K. The quadnipole 
splittings reported in the following were read directly from the CRT 
display of an AM-600 spectrometer. *H-NMR spectra were observed on a 
Bruker AM-600 (600 MHz) spectrometer with a digital resolution of 0.18 
Hz/point; the ambient probe temperature was 27'C. The chemical shifts 
were referenced to TSP (3-trimethylsilyl-propionic acid-d4 sodium salt). 

Moment analyses for ^H-NMR spectra and 
calculations of order parameters, Scd* for the 
segments of a flexible hydrocarbon chain 

Moments of the ^H-NMR spectra (Bloom et al., 1978; Davis et al., 1979; 
Nichol et al., 1980) were calculated according to 

A^ri= a)y(a))da)/ /Mdcu (1) 

•'o K 

and by using IRIS Indigo for half the Fourier-transformed spectral data 
points (~ 16,000) written in the ASCU format according to the JCAMP-DX 
norm (McDonald and Wilks, 1988) in a Bruker X-32 computer. The 
half-spectra selected for calculations were from either the high- or the 
low-frequency sides, which do not include the resonance due to the solvent. 
Estimated errors in calculating the first {M{) and the second (A/j) moments 
and the resulting mean order parameter (5cd)» which is defined by 

ScD = 2yl3MAe^qQm) (2) 

and its dispersion (A^), defined by 

A2 = A/2/L35M?- 1, (3) 

where e^qQ/h is the static quadrupole coupling constant, were within a few 
percent. The order parameter S^d for each acyl chain carbon position 
(Stockton et al., 1976) was calculated by correlating the corresponding 
observed quadnipole splitting, £ivq (in units of kilohertz), of specifically 
deuterated palmitic acids to the order parameter in the following way: 

^vq^3IA{e^qQlh)ScTy, (4) 



RESULTS ^ 

^H-NMR spectra of dibucaine-d^ in lipid mixtures 

Fig. 5, a and b, shows ^H-NMR spectra of dibucaine-di (^2 
niM)-lipid mixture (70 mM) solutions at pH 7.4 and at 3(X) K 
in the absence and in the presence of cholesterol (phospholip- 
idsrcholesterol = 7:3 molar ratio), respectively. The dibucaine 
in the lipid mixture without cholesterol gave a trapezoid line- 
shape with an approximate maxium quadrupole sphtting of 6.7 
kHz. In contrast, this spectral feature drastically changed when 
the lipid mixture included cholesterol (spectrxmi b) and re- 
sulted in a narrow resonance with a half-height width of 0.6 
kHz. The differences in these spectral features essentially dis- 
appeared, however, when the temperature was lowered to 279 
K and resulted in closely similar spectra (spectra c and d); the 
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FIGURE 5 (a) ^H-NMR spectrum 
of dibucaine-dj (12 mM) mixed lipid 
(PC:PS:PE = 1:1:2.5 molar ratio, 70 
mM) solution at pH 7.4 and at 300 K. 
(b) As in a, but contains cholesterol 
(phospholipids: cholesterol = 7:3 mo- 
lar ratio), (c) As in a, but at 279 K. (d) 
As in b, but at 279 K. 




10 5 0 -5 -10 kHz 10 5 0 -5 -10 kHz 



quadrupole splitting decreased in spectrum c, and the linewidth 
at half-height increased in spectrum d. Because the gel-to- 
liquid crystalline phase transition temperature of the lipid mix- 
ture with no cholesterol was 274 K, there is no doubt that the 
lipid mixture is in a liquid crystalline state. It is known that 
cholesterol increases the order of the acyl chains of hpid 
bilayers at temperatures above that of the gel-to-liquid crystal- 
line phase transition (Stockton and Smith, 1976; Bloom and 
Mouritsen, 1988). Thus the spectral change from spectrum a to 
spectrum b can be considered to be due to changes in the 
location of dibucaine toward the polar region, which may 
result in decreased order of the quinoline rings of dibucaine 
molecules. On the other hand, the close resemblance between 
spectra c and d suggests that at a low temperature dibucaine 
molecules locate at a similar environment with a similar man- 
ner, irrespective of the presence or absence of cholesterol. The 
change in the lineshape firom spectrum a to spectrum c implies 
that the quinoline ring of dibucaine was squeezed out of the 
original binding site to the more unordered binding site as a 
consequence of increased degree of order of the lipids owing to 
decreased temperature. 

A similar observation was also noted at pH 5.8. The 
observed maximum quadrupole spHtting was 4.6 kHz; this 
value was somewhat smaller than that of the neutral solution 
(6.7 kHz). 

^H-NMR spectra of dibucaine-dg in lipid mixtures 

Fig. 6 shows ^H-NMR spectra of dibucaine-d9 (3 mM) in 
multilamellar dispersions of the lipid mixture in the absence 



(Fig. 6, a and c) and presence (Fig. 6, b and d) of cholesterol 
at pH 7.4; spectra a and b were observed at 300 K and 
spectra c and d at 279 K. As shown in spectrum a, each 
methylene group of dibucaine-dg showed clearly resolved 
quadrupolar splittings ranging from 12 to 4.5 kHz; however, 
the methyl group showed no resolved splitting. In contrast 
to the spectra for dibucaine-di, all of these splittings in- 
creased when the membrane contained cholesterol, and 
even the terminal methyl group showed a clear quadrupolar 
spUtting of 1.8 kHz (spectrum b). When the temperature 
was lowered to 279 K, the quadrupolar splittings due to the 
methylene groups increased, ranging from 14.5 to 6,2 kHz 
(spectrum c); however, those lineshapes became rather fea- 
tureless in appearance. This tendency became more promi- 
nent when the lipid mixture contained cholesterol (spectrum 
d). The quadrupolar splittings due to the Siree methylene 
groups coalesced to give a broad trapezoid lineshape with a 
width of about 14 kHz, and that due to the methyl group 
increased (3.0 kHz). These observations indicate that dibu- 
caine molecules are binding with the hpid membrane in 
such a manner that its butoxy group is between the acyl 
chains of hpids. 

Fig. 7 shows ^H-NMR spectra observed at acidic condi- 
tions. The quadrupole splittings in spectrum a decreased by 
about 0.4 kHz in each methylene group as compared to the 
corresponding one in the neutral pH solution (Fig. 6 a). 
However, no appreciable difference was noted when the 
lipid mixture contained cholesterol (compare spectrum b 
with Fig. 6 b). The tendencies for the spectral changes with 
added cholesterol or a temperature lowered to 279 K were 



1196 



Biophysical Journal 



Volume 71 September 1 996 



FIGURE 6 {a) ^H-NMR spectrum of dibu- 
caine-d<, (3 mM) mixed lipid (PC:PS:PE = 
1:1:2.5 molar ratio, 70 mM) solution at pH 7.4 
and at 300 K. (b) As in a, but contains choles- 
terol (total lipids:cholesterol = 7:3 molar ra- 
tio), (c) As in a, but at 279 K. (d) As in b, but 
at 279 K. 
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the same as those noted for neutral pH solutions, except that 
spectrum c showed a more clear-cut quadrupole splitting for 
each methylene group; in fact, even the methyl group showd 
a small well-resolved quadrupole splitting (spectrum c). 

Moment analyses for ^H-NMR spectra of 
dibucaine-d^ and dibucaine-dg 

Moment analyses (Bloom et al., 1978) have been applied to 
these ^H-NMR spectra because the observed spectra are 
made up of a superposition of the spectra arising from 
variously oriented dibucaine molecules. Tables 1 and 2 
show the first (M{) and the second (M2) moments, mean 
order parameter derived from the first moment (5cd)» and 
the mean square deviation of the order parameter (Aj) of 
dibucaine-di and dibucaine-dg, respectively. The static 
e^qQ/h values assumed were 180 kHz (Burnett and Muller, 
1971) in Table 1 and 167 kHz (Davis and Jeffrey, 1977) in 
Table 2; the former is a typical value for the C-^H bond in 
an aromatic ring, and the latter is for the C-^H bond in an 
ahphatic chain. All of the changes in spectral features de- 
scribed above were clearly reflected in these Mj, M2, and 
■ScD values. Furthermore, we noticed that in dibucaine-dj 
the distribution of order parameters that is represented by 
the A2 value increased when the lipid mixture contained 
cholesterol (from 0.379 to 0.887) or when the temperature 
was lowered (from 0.379 to 1.02); under acidic conditions 
the entirely same trend was noted. These findings mean that 
the order of dibucaine binding with lipid membranes was 



lowered by cholesterol and by lowering the temperature. On 
the other hand, in dibucaine-dg, under both neutral and 
acidic conditions, the A2 value decreased when the lipid 
mixture contained cholesterol, but again increased when the 
temperature was lowered. This former result means that in 
contrast to the case in dibucaine-dj, the cholesterol in- 
creases the order of the butoxy group of dibucaine in the 
lipid bilayer. Because the butoxy group is attached to the 
carbon adjacent to the 3 position in the quinoline ring, this 
finding can be a good clue to the location of dibucaine. 

^H-NMR spectra of palmitic acid probes in the 
lipid mixture with cholesterol 

To investigate the effects of dibucaine on the\3rientational 
order of methylene groups of multilamellar dispersions of 
phospholipids, we have observed ^H-NMR spectra for deu- 
terated palmitic acids incorporated into the lipid mixture 
with cholesterol The usefulness of deuterated fatty acid 
probes for determining the order of phospholipid mem- 
branes is well demonstrated (Stockton et al., 1974, 1976; 
Pauls et al., 1983; Vogt et al., 1994). Fig. 8 shows ^H-NMR 
spectra observed for palmitic-dji acid (25 mol%), which is 
intercalated into multilamellar dispersions of the lipid mix- 
ture with cholesterol at pH 7.2; spectrum a was obtained in 
the presence of no dibucaine, whereas spectra b and c were 
obtained in the presence of 1 mM and 3 mM dibucaine, 
respectively. Each of these spectra had only six peaks, 
because the ^H-NMR spectrum of palmitic-dji acid is com- 
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FIGURE 7 (a) ^H-NMR spectrum of dibu- 
caine-d, (3 mM) mixed lipid (PC:PS:PE =1:1: 
2.5 molar ratio. 70 mM) solution at pH 4.8 and 
at 300 K. (b) As in a, but contains cholesterol at 
pH 4.6. (c) As in a, but at 279 K. {d) As in but 
at 279 K. 
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posed of many overlapping resonances; in an acidic condi- 
tion (pH 5.2) the situation was the same as in the neutral 
condition. The sharp peak at around 0 kHz should be 
attributed to the residual HO^H resonance of the solvent. 
The quadrupole spUttings (Av^) in spectrum a were de- 
creased by adding dibucaine to the multilamellar disper- 
sions. However, we found that the peaks showing the qua- 
drupole splitting of 32.1 kHz (labeled by an asterisk in 
spectrum c) did not change on the addition of dibucaine; the 
peaks were later found to be assignable to the C2 methylene 
deuterons by comparison with the ^H-NMR spectrum for 
palmitic 2,2-d2 acid. For all methylene and metiiyl group 
deuterons, the spectrum observed at pH 7.2 was broader 
than that at pH 5.2. Thus it is conceivable that the order of 
the acyl chains of lipids under the acidic condition is lower 
than that under the neutral condition. The quadrupole spUt- 
tings of 5.91, 20.5, and 26.6 kHz can be assigned to the 



terminal methyl (C16), methylene groups at 15- (C15), and 
14- (C14) positions, respectively; the corresponding split- 
tings under the acidic condition were 4.95, 17.9, and 23.8 
kHz, respectively. 

To obtain an order parameter for a specific carbon seg- 
ment in the acyl chain, some palmitic acids that were 
deuterated at the specific methylene groups were incorpo- 
rated into the Hpid mixture. Fig. 9, a and b, shows ^H-NMR 
spectra of palmitic-2,2-d2 acid in the Upid mixture with and 
without dibucaine, respectively. A quadrupole splitting of 
32. 1 kHz was observed when the lipid mixture contained no 
dibucaine. However, notably, this quadrupole splitting 
scarcely changed, even when the lipid mixture contained 
dibucaine. A sinular observation was noted- for the probe 
under acidic conditions; a quadrupole splitting of 31.0 kHz 
was decreased very slightly (30.6 kHz) by the addition of 
dibucaine. In contrast, for example, as shown in Fig. 10, a 



TABLE 1 Moment data for the dibucafne-d^ -mixed lipids (PC:PS:PE = 1:1:2.5 molar ratio) and dibucalne-di-mixed lipids- 
cholesterol (total lipids:cholesterol = 7:3 molar ratio) systems 

Membrane pH Temperature Mi X 10-^(rad/s) Af ^ X 10-«(rad^/s^) ^cp x 10^ 

Mixed Upids 7.4 300 1.16 2.51 3.56 0.379 

279 0.715 1.40 2.19 1.02 

5.8 300 1.03 1.64 3.16 0.141 

279 0.904 1.51 2.77 0.364 

Mixed Upids + cholesterol 7.4 300 0.333 0.282 1.02 0.887 

279 0.707 1.14 2.17 0.689 

5.8 300 0.366 0.542 1.12 2.00 

279 0.955 1.69 2.93 0.375 
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l^^Ll ^ H^'TIT dibucaine.d,.mixed lipids (PC:PS:PE = 1:1:Z5 molar ratio) and dibucaine-d^-mixed lipids- 

cholesterol (total lipids:cholesterol = 7:3 molar ratio) systems 
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Mixed lipids 
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3.37 0.477 

3.96 0.558 

3.74 0.579 

4.02 0,360 

5.11 0.293 

6.53 0.242 

4.76 0.322 
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and b, dibucaine decreased the quadrupole splitting (39.2 
kHz) in the palmitic-9,9-d2 ^cid probe appreciably (37.1 
kHz). Thus it seems that under both neutral and acidic 
conditions, dibucaine is situated in a position that does not 
so much affect the order parameter of the methylene groups 
near the polar region, but affects appreciably that of the 
methylene groups at an intermediate region of the acyl 
chain. Interestingly, Boulanger et al. (1981) have reported 
the same sort of finding in a tetracaine-deuterated PC dis- 
persions system; they found that tetracaine affects only 
slightiy the quarupole spHttings of the deuterons at position 
2 in the deuterated PC dispersions. They ascribed this find- 




FIGURE 8 ^H-NMR spectra of palmitic-dgi acid (20 mM) in mixed lipid 
(PC:PS:PE = 1:1:2.5 molar ratio, 60 mM) solution with cholesterol (total 
lipids:cholesterol = 7:3 molar raUo) at pH 7.2 and at 300 K. {a) Without 
dibucaine. (b) With dibucaine (1 mM), (c) With dibucaine (3 mM). 



ing to the location of the benzenoid group around the acyl 
chain position 2. To further understand the effect of dibu- 
caine on the quadrupole splittings throughout the acyl chain 
methylene groups, we have observed ^H-NMR spectra for 
the probes deuterated at C3, C4, C6, and CIO. All of the 
observed quadrupole splittings at pH 7.2 and pH 5.2, with 
and without dibucaine, are summarized in Table 3. 

Order parameter profiles for palmitic 
acids intercalated into the lipid mixture 
containing cholesterol 

To discuss differences in the order among chain segments, 
we have calculated an order parameter (5cd) for each car- 
bon number of the palmitic acid probe, according to Eq, 4 
(Stockton et al, 1976). The 5cd values for the neutral and 
acidic solutions, calculated by assuming die static e^qQ/h 
value of 170 kHz (Stockton et al., 1976), are summarized in 
Table 3. To focus our attention on the changes in Scr> 
caused by 3 mM dibucaine (A5cd) (Fig. 1 1), we plotted the 
ratios A^ce/^cd against carbon numbers. A^^d represents 
the amount of decrease in the value caused by dibu- 
caine. It appears that under both neutral and acidic condi- 




HGURE 9 ^H->fMR spectra of palmitic-2.2-d2 acid (20 mM) in mixed 
lipid (PC:PS:PE = 1:1:2.5 molar ratio, 60 mM) solution with cholesterol 
(total lipids:cholesterol = 7:3 molar ratio) at pH 7.2 and at 300 K. (a) 
Without dibucaine. {b) With dibucaine (3 mM). 
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FIGURE 10 ^H-NMR spectra of palmitic-9,9-<l2 acid (20 mM) in mixed 
lipids (PC:PS:PE = 1:1:2.5 molar ratio, 60 mM) with cholesterol (total 
lipids:cholesterol = 7:3 molar ratio) at pH 7.2 and at 300 K. {a) Without 
dibucaine. {b) With dibucaine (3 mM). 



tions, the ratios monotonously increase from C2 to CIO, and 
then gradually increase or remain approximately constant 
from CIO to the terminal methyl group, C16. Moreover, we 
notice that the ratio for the acidic solution is larger than that 
at the corresponding carbon number for the neutral solution. 
To confirm whether this finding is due to a larger amount of 
dibucaine partitioning into the lipid mixture under acidic 
than under neutral conditions, we have measured the parti- 
tion coefficient of dibucaine for the lipid mixture, which 
involves cholesterol and palmitic acid. The results are sum- 
marized in Table 4; the value of 1 108 at pH 7.2 compares 
favorably with that reported by Papahadjopoulos et al. 
(1975) for the lipid composition of PS/cholesterol (^p = 
1150). Evidently, the partition coefficient at pH 7.2 was 
greater than that at pH 5.2. Thus we should invoke another 
reason for the differences in the ratio. Interestingly, Bou- 
langer et al. (1981) have reported a similar finding for 
tetracaine interacting with multilamellar dispersions of spe- 
cifically deuterated phosphatidylcholine, namely that the 
charged tetracaine has a greater disordering effect on the 
phospholipid chain region and perturbs to a greater extent 
the dimensions of this region than does the uncharged one. 
The pKg value of dibucaine reported is 8.0 (Kuroda et al., 
1994) or 8.5 (Ritchie and Greengard, 1961). Furthermore, it 
is considered that the pK^ value of the tertiary amino group 
of the membrane bound drug would decrease by approxi- 
mately 1 pK^ unit from the corresponding value in the 
aqueous phase (Lee, 1978). Accordingly, at pH 7.2, about 
half of the dibucaine molecules can be considered to be in 
an uncharged molecular form, whereas at pH 5.2 all of the 
dibucaine molecules are expected to exist as a cationic form. 
Consequently, the differences in the ratio A5cd/'Scd t)e- 
tween pH 7.2 and pH 5.2 should also be ascribed to the 
changes in the relative amount of uncharged versus charged 
species. Changes in the location due to protonation and/or 
electrostatic interactions between cationic drugs and lipid 
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headgroups may be reasons for the finding in Fig. 1 1; in the 
Discussion, however, we favor only the latter view. 

^H-NMR spectra of dibucaine and Na^ 
channel inactivation gate peptide (MP-1) in a 
phosphate buffer 

To investigate a plausible interaction between dibucaine 
and MP-1, especially the expected 7r-stacking interaction 
(Hunter, 1993; Hunter and Sanders, 1990; Jorgensen and 
Severance, 1990) between the quinoline ring of dibucaine 
and the phenyl group of Phe, we have measured ^H-NMR 
spectra of dibucaine in the absence and in the presence of 
MP-1. As a control experiment, we also measured ^H-NMR 
spectra of dibucaine in the presence of MP-2, in which the 
Phe has been substituted by Gin. Fig. 12, a, b, and c, shows, 
respectively, ^H-NMR spectra of MP-1 (3 mM), dibucaine 
(3 mM), and dibucaine (3 mM)-MP-l (3 mM) solutions in 
a phosphate buffer at pH 7.4. In spectrum a the peaks in a 
range of 7.2-7.4 ppm are due to aromatic ring protons of 
Phe, and the other peaks are due to amide protons of the 
peptide. In spectrum b the quinoline ring proton resonances 
are assignable from high to low frequency, respectively, to 
the 5, 8, 7, 6, and 3 positions. As can be seen in spectrum 
c, it is evident that the quinoline ring protons at the 3 and 8 
positions shifted appreciably to a lower frequency. Fig. 13, 
a and b, shows ^H-NMR spectra of dibucaine (3 mM) and 
dibucaine (3 mM)-MP-2 (3 mM) solutions in a phosphate 
buffer at pH 7.4. Interestingly, in contrast to the observa- 
tions in Fig. 12, no appreciable chemical shift changes were 
noted for the proton resonances at the 3 and 8 positions. In 
Fig. 14, we have schematically summarized observed 
changes in chemical shifts (in units of hertz at 600 MHz) of 
dibucaine protons as a result of interaction with MP-1 and 
MP-2. As can be seen in Fig. 14, both MP-1 and MP-2 
shifted the resonances due to polar side-chain moiety (pro- 
tons a-d) of dibucaine to a higher frequency. These high- 
frequency shifts can be ascribed to the electrostatic interac- 
tion between the positively charged quaternary ammonium 
group of dibucaine and the negatively charged carboxyl 
group of Asp, Glu, or the C-terminus. On the other hand, 
MP-1 shifted the resonances due to the butoxy '^roup (pro- 
tons f, g, and h) and all of the quinoline nng protons 
(protons 3, 5, 6, 7, and 8) to a lower frequency. These 
low-frequency shifts can be considered to be due to the 
ring-current effect (Pople et al., 1959) originating from the 
TT-stacking interactions between the quinoline ring of dibu- 
caine and the phenyl group of Phe in MP-1 , because no such 
chemical shift changes were caused by the presence of 
MP-2 in the solution. 

^H-NIMR spectra of dibucaine and a Na^ 
channel inactivation gate peptide in 
phosphatidylserine liposomes 

To determine whether the dibucaine molecules that are 
binding with hpids can interact with the Na^ channel inac- 
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JJ'ed'«Jds°J;;"^^^^^^^^^^ P-'-'«c acid probes intercalated i„ 



pH 7.2 



Dibucaine 0 mM 



Dibucaine 3 mM 



Chain segment 


Avq(kHz) 




2 


32.1 


0.252 


3 


32.5 


0.255 


4 


36.3 


0,285 


6 


39.2 


0.307 


9 


39.2 


0.307 


10 


37.6 


0.295 


14* 


26,6 


0.209 


15* 


20.5 


0.161 


16* 


5,91 


0.046 



32.0 0.251 
31.9 0.250 
35.5 0.278 
37.5 0.294 

37.1 0.291 
35.4 0.278 
24.9 0.195 
18-9 0.148 

5.49 0.043 

^alculated from the observed quadnipole splittings by using Eq. 4. 
T'aken from the palmitic-d3, acid probe. 



pH 5-2 



Dibucaine 0 mM 



A^kHz) 

31.0 
33.6 
36.3 
39.4 
38.6 
36.1 
23.8 
17.9 
4.95 



0.243 
0.264 
0.285 
0.309 
0.303 
0.283 
0.187 
0.140 
0.039 



Dibucaine 3 mM 



30.6 
33.3 
35,3 
37.0 
35.8 
31.8 
20.9 
15.8 
4.38 



0.240 
0.261 
0.277 
0.290 
0.281 
0.249 
0.164 
0.124 
0.034 



tivation gate peptide, we have observed ^H-NMR spectra of 
dibucaine and the peptide in sonicated PS liposomes pre- 
pared in deuterated phosphate buffer at pH 7.4. Fig. 15, a 
and c, shows, respectively, >H-NMR spectra of dibucdne 
(3 mM), dibucaine (3 mM)-MP.2 (3 mM), and dibucaine (3 
niM)-MP-l (3 mM) in the PS liposomes. As expected, the 
quinoline ring proton resonances of dibucaine appeared as 
broad resonances, reflecting interactions with the PS lipo- 
somes; the resonance at the 5 position shifted to a higher 
frequency, whereas all of the remaining resonances shifted 
to a lower frequency as compared to the corresponding 
chemical shift positions in the phosphate buffer solution. It 
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HGURE 1 1 Plot of A5co/5cD against positions of deuteration for spe- 
cifically deuterated palmitic acid probes intercalated in mixed Upids widi 
cholesterol at pH 7.2 (■) and pH 5.2 (□), A5co represents the amount of 
decrease m the value caused by 3 mM dibucaine. 



IS worth noting that all of the quinoline proton resonances 
shifted to a lower frequency, even on the addition of MP-2 
(spectrum b). However, more remarkable is the fact that 
MP-1 caused a larger low-frequency shift to those reso- 
nances than did MP.2 (spectrum c). In Fig. 16 we show the 
changes in chemical shifts of quinoline ring proton reso- 
nances schematically. The reason for the changes in chem- 
ical shift on the addition of MP-2 is not clear at present- this 
should be explained together with the changes in chemical 
shift of those resonances as a result of interaction widi PS 
liposomes. However, undoubtedly the larger low-frequency 
shift caused by MP-1 compared to that caused by MP-2 
should be ascribed to the 7r-stacking interaction with the 
phenyl group of Phe. Moreover, we notice that the chemical 
shift differences between resonances in spectrum c and 
spectrum b are two to six times larger than observed 
changes in chemical shifts on the addition of MP-1 in the 
phosphate buffer (Fig. 14). This finding indicates that 
TT-stacking interaction is enhanced when dibucaine mole- 
cules simultaneously interact with both lipids and MP-1. 

'H-NMR spectra of the phenyl group protons of 
phenylalanine In MP-1 

Fig. 17, a and b, shows »H-NMR spectra of\he phenyl 
group protons of Phe, in the absence and in the presence of 
dibucaine in the phosphate buffer, respectively. The spin- 
coupled peaks at around 7.36, 7.32, and 7.27 ppm are due to 



TABLE 4 Partition coefficients of dibucaine in the bilayer of 
lipid mixture* with cholesterol* and palmitic acid« at pH 7 2 
and 5.2 



Lipid 



pH 7.2 



pH 5.2 



PC:PS:PE 



1108 



557.1 



*PC:PS:PE= 1:1:2.5 molar ratio. 

Total lipids:cholesteroI = 7:3 molar ratio. 

*Total lipids:palmitic acid = 3:1 molar ratio. 



Kuroda et al. 



Dibucaine and Na^ Channel Inactivation Gate 



1201 




I i 1 . \ '—I • r- 

8.4 8.2 



8.0 



— I — ■ — I — * — I— 
7.8 7.6 



7.4 



7.2 



— I — ■ — I- 
7.0 



6.8 



(ppm) 



FIGURE 12 (a) *H-NMR spectrum of MP-1 (3 mM) in a phosphate buffer at pH 7.4. {b) 'H-NMR spectrum of dibucaine (3 m) in a phosphate buffer 
at pH 7.4. (c) *H-NMR spectrum of dibucaine (3 mM)-MP-l (3 mM) solution in a phosphate bufffer at pH 7.4. Assignments for the quinoiine ring proton 
resonances are given on top of the spectrum (c). 



meta, para, and ortho protons, respectively. It was found 
that dibucane shifted the phenyl group resonances very 
slightly to a lower frequency (0.4 Hz in meta, 0.0 Hz in 
para, and 1.3 Hz in ortho protons). Fig. 17, c and d, shows 
^H-NMR spectra of the phenyl group protons of Phe of 
MP-1 in PS liposomes. In Fig. 17 c, the chemical shifts of 
the phenyl group protons were nearly identical to those of 
the corresponding resonances in the phosphate buffer (Fig. 
17 a), suggesting that the phenyl group of Phe locates at a 
region that does not receive any shielding or deshielding 
effect from the PS liposomes. However, in the presence of 
dibucaine, we noticed that in contrast to the large low- 
frequency shift of the quinoiine ring proton resonances of 



dibucaine, the phenyl group resonances of MP-1 shifted 
slightly to a higher frequency (4.6 Hz in meta and para 
protons, and 5.0 Hz in ortho protons). This result indicates 
that the phenyl group protons are situated in positions with 
respect to the quinoiine ring that receive deshielding field 
due to the ring current effect from the quinoiine ring. 
According to the theory for the aromatic ring-current effect 
(Pople, 1959), this relative arrangement of the two aromatic 
rings can be considered to be such that the ring protons of 
Phe locate at the side of the quinoiine ring of dibucaine and 
that the quinoiine ring protons locate on the plane of the 
phenyl group of Phe. Although we cannot imagine the 
interaction model that satisfies these situations for all of the 




FIGURE 13 {a) *H-^fMR spectrum of dibucaine (3 mM) in a phosphate buffer at pH 7.4. {b) *H-NMR spectrum of dibucaine (3 mM)-MP-2 (3 mM) 
solution in a phosphate buffer at pH 7.4. Assignments for the quinoiine ring proton resonances are given on top of the spectrum (b). 
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A6h (Hz) 

HGURE 14 Changes in chemical shifts (in units of hertz at 600 MHz) of 
dibucaine as a result of interaction with MP-1 and MP-2 in a phosphate 
buffer at pH 7.4. 



ring protons within one relative arrangement of the two 
aromatic rings, an edge-on or T-shaped geometry for the 
two TT-stacking aromatic rings seems to be a reasonable one 
(Hunter and Sanders, 1990; Jorgensen and Severance, 
1990). Taking rule 6 of Hunter et al. into account (Hunter 
and Sanders, 1990), the quinoline ring can be considered to 
be a "TT-deficient atom" and the phenyl group to be a 
"TT-rich atom"; this finding agrees well with the a priori 
expected result when we consider the differences in the 
substituents on the aromatic rings. 

DISCUSSION 

Locations of dibucaine in model membranes 

In the present study the location of dibucaine in model 
membranes can be deduced by noting the following points: 
1) changes in the quadrupole splittings of dibucaine-dj and 
dibucaine-d^ by cholesterol, by temperature, and by pH; 2) 
changes in the quadrupole splittings of deuterated palndtic 
acids by dibucaine. In conclusion, the quinoline ring of 
dibucaine locates at a polar headgroup region, penetrating 
the butoxy group between the acyl chains of the lipids. In 
Fig. 18 we show this situation with computer graphics. The 
lipid demonstrated here is dipalmitoylphosphatidylserine, 
and its molecular structure is drawn tentatively, fully ex- 
tending the acyl chains. The structure of cholesterol in egg 
phosphatidylcholine bilayers is well investigated by x-ray 
(Franks, 1976) and neutron diffraction (Worcester and 
Franks, 1976) studies. Thus, in Fig. 18, die cholesterol was 
so positioned as to locate its 3^-hydroxyl group in the 
vicinity of the acyl ester linkage or glycerol backbone, 
spanning the polycycUc ring up to the first 8 to 10 methyl- 
ene segments of the acyl chains, and extending the side 
chain up to about the same depth in the bilayer (Stockton 
and Smith, 1976). The dibucaine is presented as taking a 
face-to-face ir-stacked dimer, because it has been shown 



that dibucaine can exist as an aggregate in the lipid bilayer 
(Wakita et ah, 1992; Kuroda et al., 1994). One of the most 
important results for deducing the location of dibucaine is 
that the quadrupole splitting of dibucaine-di dramatically 
decreased when the multilamellar dispersions included cho- 
lesterol, whereas those of dibucaine-d^ increased by includ- 
ing cholesterol. At first sight, the former observation ap- 
pears to be explicable by changes in the membrane-aqueous 
partitioning of the anesthetic by cholesterol. In fact, it is 
reported that the partition coefficient of tetracaine between 
dimyristoylphosphatidylcholine and a buffer at pH 9.5 de- 
creases from 200 to 110 by including a 7:3 molar ratio of 
cholesterol; at pH 5.5 it decreases from 21 to 8 (Auger et al., 
1988). However, the same reasoning cannot be applied to 
the finding for the latter dibucaine-d^ data, because the 
quadrupole splittings of methylene and methyl groups were 
increased by cholesterol. Because it is known that choles- 
terol induces a high degree of order for the acyl chains of 
phospholipids, it might be expected that if both the deuteron 
at the 3 position of the quinohne ring and the deuterons of 
the butoxy group that is attached to the 2 position locate 
inside the glycerol backbone, the magnitude of their qua- 
drupole splittings in both dibucaine-dj and dibucaine-d^ 
spectra would increase, reflecting the increased degree of 
order caused by cholesterol molecules. However, this was 
not the case; only the butoxy group deuterons showed 
increased quadrupole splittings by cholesterol. To settie this 
problem, it is inevitable that the carbon atom of the 3 
position of the quinoline ring will be located near the acyl 
ester linkage or glycerol backbone, causing the butoxy chain 
to be approximately parallel to the acyl chains, as shown in 
Fig. 18. For this binding situation, we can ascribe the 
observed dramatic reduction in the quadrupole splitting of 
dibucaine-d, caused by cholesterol to the decreased order of 
the C-D vector at the 3 position; in fact, this was clearly 
reflected in the increased A2 value shown in Table 1. The 
decrease in order of the C-D vector at the 3 position seems 
to arise from variations in the orientation of the quinoline 
ring plane relative to the bilayer normal. Order parameter 
profiles for palmitic acid probes shown in Fig. 11 give 
support to the deduced location of dibucaine. We might 
expect that if such a bulky group as a quinoline ring were 
located in the middle of the acyl chain, the relevant part 
would become rigid and result in an increased degree of 
order. However, this was not the case, because the 5cd 
values of all of the monitored chain segments were de- 
creased by the addition of dibucaine. This imphes that the 
bulky quinoline ring is located at the polar headgroup region 
and not between the hydrophobic acyl chains. This applies 
to both neutral and acidic conditions employed in this study. 
Under neutral conditions, about half of the dibucaine mol- 
ecules can be considered to exist in an uncharged molecular 
form, whereas in the acidic condition, all of the dibucaine 
molecules exist in a cationic form. Boulanger et al. (1981) 
have shown that the positively charged tetracaine at low pH 
mosdy locates at the PC headgroup level, whereas the 
uncharged form at high pH is intercalated partly in the 
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' 8^4 ' 8:2 ■ aO ' 7:8 ■ 7:6 ' 7'a 7,2 TO 6;8(ppm) 

FIGURE 15 {a) *H-NMR spectrum of dibucaine (3 mM) in sonicated PS liposomes prepared in deuterated phosphate buffer at pH 7.4. {b) *H-NMR 
spectrum of dibucaine (3 mM)-MP-2 (3 mM) in the sonicated PS liposomes, (c) 'H-NMR spectrum of dibucaine (3 niM)-MP-l (3 mM) in the PS liposomes. 
Assignments for the quinoline proton resonances are given on top of the spectrum (c). 



headgroup region and partly in the fatty acyl chains of the 
PC bilayers. The somewhat deeper binding of the neutral 
tetracaine is also pointed out by the fluorescence quenching 
experiment (Sikaris and Sawyer, 1982); the drug is oriented 
in the bilayer so that its aromatic amine is near carbon 9 of 
the fatty acyl chain of PC bilayers. For the PS bilayers, it is 
also concluded that the charged and uncharged tetracaine 
occupy different sites in the PS bilayer (Kelusky et al., 
1986). In the present data, however, we find no definite 
reason to assume that the molecular form of dibucaine and 
its protonated form locate at different depths in the bilayer, 
at least to the precision of setting the carbon atom at the 3 
position, based on the reasoning above. The differences in 
the ratio A^d^/Sco noted between pH 7,2 and pH 5.2 can be 
explained by the electrostatic interaction between the 
charged dibucaine and the polar headgroup; hence we need 
not invoke the changes in location of dibucaine upon pro- 
tonation. The quadrupole splittings of both dibucaine-dj and 
dibucaine-dg are ^ways smaller at the acidic condition than 
at the neutral condition. This can be explained by the 
increased freedom of movement of dibucaine at the polar 
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FIGURE 16 Changes in chemical shifts (in units of Hz at 600 MHz) of 
the quinoline proton resonances of dibucaine as a result of the interaction 
with MP-1 and MP-2 in the PS liposomes. 



headgroup region caused by the electrostatic interaction, 
which separates lipid molecules from each other and results 
in loose packing. 

From the conclusions drawn about the location of dibu- 
caine in model membranes, we may be allowed to conclude 
that all local anesthetic molecules reside at the polar head- 
group region of the membranes, which is capable of inter- 
acting simultaneously with the hydrophobic amino acid 
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FIGURE 17 (a) * H-NMR spectrum of the phenyl group protons of MP- 1 
(3 mM) in a phosphate buffer at pH 7.4. {b) * H-NMR spectrum of the 
phenyl group protons of dibucaine (3 mM)-MP-l (3 mM) solution in a 
phosphate buffer at pH 7.4, (c) 'H-NMR spectrum of the phenyl group 
protons of MP-1 in the PS liposomes at pH 7,4. (d) * H-NMR spectrum of 
tfie phenyl group protons of dibucaine (3 mM)-MP-l (3 mM) solution in 
the PS liposomes at pH 7.4. 
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FIGURE 18 Computer graphics view of relative arrangements among local anesthetic dibucaine, cholesterol, and dipalmitoylphosphatidylserine The 
dibucaine IS presented as a face-to-face TT-stacked dimer. h y uc. mc 



residues at the intracellular linker part (Fig. 2). Interestingly, 
Wang et al. have shown that there is a large hydrophobic 
region within the Na"*" channel pore in its cytoplasmic side, 
which accepts up to 18 methylene groups of the quaternary 
ammonium compounds; the hydrophobic domain also inter- 
acts with local anesthetics such as cocaine and mepivacaine 
(Wang et al., 1991). It seems very reasonable to assume that 
the hydrophobic domain is formed by the lipids surrounding 
the channel protein. Moreover, the lipids are not always 
required to be organized as a bilayer, but they can exist as 
a hexagonal phase (Dibble and Feigenson. 1994; Toumois 
et al., 1987), implying that the drug, especially its aromatic 
ring, can assume any convenient orientation to accommo- 
date the three hydrophobic amino acids of the intracellular 
linker. 

Molecular mechanisms of local anesthesia 

Local anesthetics are chemicals that reversibly block action 
potentials in excitable membranes (Strichartz and Ritchie, 
1987). They are usually composed of an aromatic ring, an 
intermediate chain including an amide or an ester linkage, 



and a tertiary amine nitrogen. They are amphiphilic in 
nature and can exist as either cationic or uncharged molec- 
ular forms, depending on the pKa of the drugs and pH of the 
medium. As for the molecular mechanisms of anesthesia, it 
is generally established that tertiary amine-type local anes- 
thetics penetrate into the nerve sheath and nerve membrane 
with their uncharged forms and bind to the I^"^ channel at 
the axoplasmic side of nerve membranes with their cationic 
forms (Narahashi et al., 1970). However, benzocaine, which 
lacks the ionizable tertiary amine at physiological pH, is 
also known to be a local anesthetic drug. Thus there still 
remain many controversial questions about the molecuar 
mechanisms of local anesthesia: What is the site of anes- 
thetic action? Is the site within lipids or within the Na"^ 
channel protein? How many sites are there? Do both cat- 
ionic and molecular forms of the drug bind at the same site? 
etc. In attempting to solve these problems, we noticed the 
publications on Na"^ channel inactivation gate (Patton et al., 
1992; West et al., 1992), because it has already been shown 
that local anesthetics promote the channel to close its inac- 
tivation gate, stabilizing the inactivated state (Hille, 1977; 
Postma and Catterall, 1984). Accordingly, we supposed that 
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local anesthetics directly interact with the inactivation gate, 
especially with its phenylalanine residue in the three clus- 
tered hydrophobic amino acids of Ile-Phe-Met (Fig. 2), 
because the phenylalanine residue is playing an essential 
role in Na^ channel inactivation (West et al., 1992). This 
assumption was also suggested to us by the fact that all local 
anesthetics essentially bear an aromatic ring in their struc- 
tures. We believe that the aromatic ring might be a prereq- 
uisite group, not only for conferring lipophilicity on a drug 
that allows it to pass through membranes, but also for 
TT-stacked binding with the phenyl group of the phenylala- 
nine residue. Thus we studied the interaction of local anes- 
thetic dibucaine and the Na"*^ channel inactivation gate 
peptides MP-1 and MP-2. One of the most serious concerns, 
however, was whether dibucaine in a solution and in a lipid 
bilayer membrane really interacts with the peptide at its 
hydrophobic moieties. The present data shown in Figs. 14 
and 16 clearly removed this concern. In addition, it was 
found that the presence of lipids enhances the interaction. 
This finding suggests firm evidence regarding the molecular 
mechanisms of local anesthesia that the drug residing at the 
polar headgroup region of the so-called boundary lipids in 



the vicinity of the Na"^ channel pore binds with the clustered 
hydrophobic amino acids, especially with the phenylalanine 
residue and results in stabilization of the inactivated state. 
The drug binding with the phenylalanine residue may also 
be facilitated by electrostatic interactions of its protonated 
nitrogen with the negatively charged amino acids on both 
sides of the IFM domain. Interestingly, Sheldon et al. have 
shown in their structure-activity relationship study on the 
lidocaine derivatives that there is an optimal distance be- 
tween the aromatic ring and the tertiary amine nitrogen for 
binding with the Na"^ channel (Sheldon et al, 1991). Now 
we can assign the optimal length to a range of distances 
between the phenyl group of the phenylalanine residue and 
the negative charge on the carboxyl group of the aspartic 
acid, or between two glutamic acid residues that are situated 
in positions before and after the IFM domain, respectively 
(Fig. 2). Postma and Catterall (1984) and Wang et al. (1994) 
have shown from their Hill coefficient data that one local 
anesthetic drug binds with one inactivated channel. This 
finding lends further support to our view that a local anes- 
thetic drug binds to the IFM domain in the manner de- 
scribed above. In Fig. 19 we show schematically the inter- 




FIGURE 19 Computer graphics view for showing schematically the imeraction between dibucaine, which resides at the polar headgroup region of 
phosphatidylserine, and the inactivation gate peptide. The dibucaine is shown as a face-to-face 7r-stacked dimer. 
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action between dibucaine and the inactivation gate peptide; 
one dibucaine dimer located at the polar headgroup region 
of phosphatidylserine, 7r-stacking face-to-face with the 
other, also interacts with the phenyl group of Phe-1489 by 
TT-stacking interaction with a T-shaped geometry, allowing 
its protonated quaternary nitrogen to interact electrostati- 
cally with the negatively charged carboxyl groups of two 
adjacent glutamic acid residues of Glu-1492 and Glu-1493. 

Finally, it should be added that Ragsdale et al. (1994) 
have recendy assigned the Phe-1764 residue in the sixth 
segment of domain IV (Fig. 1) of rat brain type IIA Na^ 
channel to a plausible site of action of the local anesthetic 
etidocaine. The Phe-1764 locates in the intermediate region 
of the transmembrane helix and plays an important role in 
fast inactivation of the Na"*" channel (McPhee et al., 1995), 
Interestingly, such a binding situation is reminiscent of the 
binding of local anesthetic agents acting as noncompetitive 
channel blockers for the nicotinic acetylcholine receptor 
(Giraudat et al., 1987; Chamet et al, 1990), in the sense that 
local anesthetic molecules can interact direcUy with trans- 
membrane helices that form the lumen of the channel pore. 
More recendy, on the other hand, Bennett et al. (1995) have 
indicated the importance of the IFM domain in the ffl-IV 
linker for the lidocaine block of the human cardiac Na"^ 
channel. This result strongly supports our conclusion. Evi- 
dently more work is required to enlighten us about the 
molecular mechanisms of local anesthesia. 
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1. Abstract 

The periplasmic space is a cellular compartment lying between the inner and the 
outer membranes of gram-negative bacteria. Located in this region are the 
peptidoglycan layer, the bsmoregulated periplasmic glucans (OPGs), and a 
number of proteins implicated in the detection, the processing and the transport 
into the cell of nutrients, the detoxification of deleterious substances, and the 
biogenesis of the envelope. OPGs exhibit structural features that are 
characteristic of a bacterial genus. However, they share several major traits: 
glucose is the only monosaccharide; they are oligosaccharides made of a limited 
number of units (c.a. 10-20); they are accumulated in the periplasmic space in a 
higher amount in response to a lower osmolarity of the medium. 

NMR has been extensively used in our laboratories to estabHsh the primary 
sequences of different OPGs. Homonuclear COSY, and relayed COSY or 
TOCSY experiments are used to assign all protons in every individual glucose 
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ring, and are combined with HSQC and HSQC-TOCSY experiments for 
complete carbon assignments. NOESY and HMBC- spectra, exploiting 
respectively the short distance between protons on both sides of the glycosidic 
linkage and the heteronuclear coupling over the linkage, are used to establish the 
sequential assignments, but suffer from poor separation in all but the anomeric 
proton signals. We exploited the wider spread in carbon chemical shifts by 
implementing the NOESY experiment in its HSQC-NOESY version. 
Alternatively, the assignment can be done solely on the basis of the anomeric 
proton region by the NOESY-TOCSY and/or TOCS Y-NOES Y pulse sequences. 

Determination of the 3D structures of the OPGs has been addressed in our 
laboratories after the discovery of several cyclic OPGs that contain one single a- 
(1-6) linkage next to all ^-{\-2) linkages. This single a-(l-6) linkage introduces 
conformational strains to such an extent that all anomeric protons can be 
observed separately. We have focused on the cyclic OPG of Ralstonia 
solanacearum, that because of its small size (DP 13) makes an ideal model to 
address the problems of potential cavities or other structural features that might 
be relevant for the function of these intriguing molecules. In contrast to protein 
NMR, the number of experimental parameters that can be used to derive a 
structural model are very limited. They basically are the same as the parameters 
used for the sequential assignment, i.e. the NOE between the H1-H2' proton pair 
and the H1-C2' and C1-H2' long-range coupling constants, A last parameter 
that has been correlated to the glycosidic conformation is the direct *J (HI -CI) 
coupling constant. The limited number of experimental structures, however, leads 
to a probably imperfect parametrization of the Karplus relationships that relate 
coupling constants to structure in oligosaccharides. 

Model building led to different structures, but none was compatible with all 
experimental observations. Further indication of dynamical equilibrium came 
from the line broadening as observed on the anomeric proton of the b unit. This 
was confirmed by a detailed relaxation study, and we concluded that the molecule 
undergoes slow dynamics on the microsecond time scale. The biological 
relevance of this dynamics is currendy under investigation in our groups. 

In order to address question of the molecular mobility of the OPGs in the 
periplasm, we have started in vivo experiments, with bacteria containing 
isotopically enriched OPGs. The obtaining of workable NMR spectra indicates 
that at least a majority of the molecules maintain a high degree of diffusional 
mobility. 
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2. Diversity of the OPGs 

The periplasmic space lies between the inner and the outer membranes of gram- 
negative bacteria [1]. A number of processes that are vital to. the growth and 
viability of the cell occur within this compartment. Proteins residing in the 
periplasm fulfill important functions in the detection and processing of essential 
nutrients and their transport into the cell. The contents of the periplasmic space 
provide a microenvironment of small and middle-sized molecules that buffer the 
cell from changes that occur in its local surroundings. In fulfilling these essential 
roles, the periplasm is not static but dynamic, capable of regulation to 
accommodate changes in the external and internal environments that surround it. 
While an overall understanding of the structure and contents of the periplasmic 
space has been obtained, the periplasm still remains the most controversial and 
poorly defiiied compartment in the gram-negative bacterial cell. The exact size 
and internal architecture of the periplasm remain area of dispute, and the fine 
structure that leads to low mobility of periplasmic proteins needs further 
clarification [1]. Osmoregulated periplasmic glucans (OPG) are general 
components of the periplasm of gram-negative bacteria [2] and share the 
following features: glucose as the sole sugar, glucose units linked, at least 
partially, by P-glycosidic bonds, and synthesis under osmotic control and that is 
inversely correlated to the osmolarity of the growth medium of the cells [3]. 
Recent investigations have revealed that beyond these common features OPGs 
from various bacterial species show an unexpected structural diversity. Four 
families can be distinguished (Figure 1). 

Family 1. OPGs of E, coli, also known as MDOs (Membrane-Derived 
Oligosaccharides), appear to range from 5 to 12 glucose residues, with the 
principal species containing 8 or 9 glucose residues (4-5)]. The structure is 
highly branched, the backbone consisting of (i-(l-2)-linked glucose units to 
which the branches are attached by ^-(1-6) linkages. Similar structures were 
found for the OPGs of the closely related species Erwinia chrysanthemi [6] and 
also for the OPGs of the more distantly related species Pseudomonas syringae 
[7]. 

Family 2. Among members of the family Rhizobiaceae, periplasmic glucans are 
cyclic [8]. Studies have demonstrated that Agrobacterium and Rhizobium species 
synthesize periplasmic glucans with similar structure [9, 10, 11]. In both genera, 
periplasmic glucans are composed of a cyclic P-(l-2)-glucan backbone 
containing 17 to 24 glucose residues. Bundle et al. [12] reported that Brucella 
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spp. synthesize cyclic P-(l-2)-glucans essentially identical to those synthesized 
by members of the Rhizobtaceae. 
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Family 3. Extracts of Bradyrhizobium spp. revealed the presence of p-(l-6)- 
and p-(l-3) cyclic glucans containing 10 to 13 glucose units per ring [13, 14] 
Three distinct glucans (I, II, and III) are synthesized by cells of Azospirillum 
brasilense [15]. The three glucans consist of a cyclic structure. Glucan I is 
made of 12 glucose units linked by 3 Ml -3), 8 ^-{1-6) and one Ml -4) 
linkages. Glucan II is derived from the glucan I by the addition of a glucose 
linked by an a-(]-3) linkage, and glucan III is derived from glucan II by the 
addition of a 2-OTmethyl group onto the a linked glucose unit. 

Family 4. Ralstonia solanacearum [16], Xanthomonas campestris [16, 17, 18] 
and Rhodobacter sphaeroides [19] synthesize OPGs of very similar structural 
features. OPGs have a unique degree of polymerization [13, 16, and 18, 
respectively]. All the glucose residues are linked by p-(l-2) linkage with the 
exception of one a-(l-6) linkage. 

OPG substitutions. In E, coli, the OPGs are highly substituted with sn-\- 
phosphoglycerol, phosphoethanolamine, and succinyl ester residues [5]. In E. 
chrysanthemi, succinyl residues are the sole substituent [6] while OPGs of P. 
syringae are not substituted [7]. 

In A, tumefaciens, one or more phosphoglycerol moieties are substituted for 
approximately 50% of the total periplasmic glucans [20]. In R. meliloti, anionic 
moieties may be substituted for as much as 90% of the periplasmic cyclic Ml- 
2) glucans and the predominant anionic substituent present is phosphoglycerol 
[21]. 

Periplasmic glucans of Bradyrhizobium spp. are predominantly neutral [13] but 
Rolin and co-workers [14] have purified a phosphocholine substituted Ml-^)- 
and p-(l-3) glucan from B. japonicum USDA 110. The OPGs of A. brasilense 
can be substituted by one succinyl residue [15]. 

The OPGs of R. solanacearum and X. campestris are neutral [16] while the 
OPGs of R. sphaeroides are highly substituted succinyl and acetyl residues [19]. 

3. Primary sequences of OPGs by NMR 

3.1 INTRA-RESIDUE ASSIGNMENTS (COSY, RELAYED COSY, TOCSY, 
HSQC) 

Intra-residue proton assignments are obtained through the conventional use of 
COSY, relayed COSY and TOCSY experiments. Heteronuclear assignments are 
obtained from the correlation of proton and carbon resonances in a HMQC or 
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HSQC experiment, and can be completed by a HSQC-TOCSY experiment. The 
following Figure 2 shows the fully assigned 'H-'^C spectrum of the DP 13 of R, 
solanacearum. 
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Figure 2. Heteronuclear Single Quantum Experiment correlating the IH and 13C 
resonances of the non-enriched DPI 3 molecule of R, solanacearum at 301 K. 
The numbering of the units goes from a for the unit in a-(l-6) to m, as 
depicted on the macrocycle on the left. 

3 2 INTER-RESIDUE ASSIGNMENTS 

The NOE between the two protons flanking the linkage forms a self-evident and 
easily accessible probe to establish the linkage between the different units. 
Unfortunately, the limited chemical shift dispersion for all but the anomeric 
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protons makes this method less obvious in the case of the cyclic OPGs. However, 
homonuclear techniques can still be used to establish the connectivities between 
the units, through the linking of the anomeric resonances in a NOESY-TOCSY 
and/or TOCSY-NOES Y experiment. 




Figure 3. Homonuclear NOESY-TOCSY (Top) and TOCSY-NOESY (Bottom) pulse 
sequences and the resulting anomeric proton spectral zones, showing the 
asymmetry of the cross peaks. The magnetization transfer is shown on a 
trisaccharide where two units are linked in P-(l-2), and two in a-(l-6). Only 
the cross-peak corresponding to the P-(l-2) linkage-is shown 
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The sequences are shown in the Figure 3. They can easily be understood as a 
merging of the regular NOESY mixing period, during which the dipolar cross- 
relaxation will establish a transfer of magnetization between the protons flanking 
the glycosidic linkage, combined with a z-TOCSY period, where the 
magnetization is again transferred to the anomeric proton. 
Schematically, the magnetization transfer for a typical disaccharide linked in (5- 
(1-2) can be seen in the same Figure 3: during the ti period, magnetization at the 
anomeric frequency of unit i evolves and gives rise to a peak at cOmoCO- In a 
NOESY-TOCSY experiment, it is first transferred during the NOESY period to 
the H2 proton of unit i+1, and then by scalar coupling to the anomeric proton of 
this same unit i+1 . We therefore will observe a cross peak between the anomeric 
protons of units i (in COj) and (i+1) (in CO2). Its symmetric counterpart is missing 
in this experiment, because of the order of the NOESY and TOCSY transfer. In 
the equivalent TOCSY-NOES Y experiment, however, the other peak will appear, 
because magnetization labeled in cOi by the frequency of the anomeric proton of 
residue i will first be transferred to the H2 proton of the same residue, and then 
transfer through cross-relaxation to the anomeric proton of the preceding unit. 
We therefore will observe a cross peak between the anomeric protons of units i 
(in cOi) and (i-1) (in a>^. Both experiments allow a sequential walk through the 
sequence of the cyclic OPGs, as is demonstrated in Figure 4. 

Noesy 300ms-Tocsy 37ms Tocsy 37ras-Noesy 300ms 




„ , „ y „„r „ , „ , „ „ ,rj , , j ) 1 1"-......, , , I , 

5,2 5. 1 5.0 4 .9 4,8 4,7 ppm 5.2 5. 1 5.0 4,9 4,8 4.7 ppm 

Figure 4. Homonuclear NOESY-TOCSY (Left) and TOCSY-NOESY (Right) 
experiments on the DP13 molecule of /?. solanacearum at 301 K. 
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In the case of a ^-{\-2) linkage as in the above cited example, short mixing 
periods for both NOE and scalar coupling transfer will be sufficient, because of 
the short distance between the protons flanking the linkage and the large J 
coupling constant between HI and H2 protons. Special care should be exerted 
when one expects a (1-6) linkage, where especially the z-TOCSY delay should be 
considerably increased. An example is shown in Figure 5 , where the sequential 
peak between the c and (k or 1) units linked by an ^-{\-6) linkage is not present 
when using a 80 ms TOCSY period, but becomes visible upon applying a 160 
ms TOCSY mixing period. 
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Figure 5. NOESY-TOCSY experiments on the cyclic OPG of Azospirillum brasilense 
using a shorter (Left) and longer (Right) TOCSY mixing time. The contact 
between the anomeric proton of k or 1 (same resonance position) linked in p- 
(1-6) to the c unit is only visible when using the longer TOCSY transfer time. 



The heteronuclear sequences rely on the homonuclear NOE or the long-range 
heteronuclear coupling constant over the glycosidic linkage to establish 
sequential contacts. The NOE between flanking protons HI and H2', where the 
latter is encoded by its corresponding carbon frequency to improve chemical shift 
dispersion, is at the basis of the HSQC-NOESY experiment. The (H1-C2') and 
^J(C1-H2') coupling constants are used in the HMBC experiment. The delay 
during which the long-range coupling creates antiphase was optimized for a J 
coupling constant of 5 Hz in our HMBC experiment on the DPI 3 molecule. 



200 

4. Beyond the primary sequence - towards a tertiary structure 

4.1 INTRODUCTION 

The structure of cyclic osmoregulated periplasmic glucans (OPG) synthesized by 
different Gram-negative bacteria might shed hght on the role that these molecules 
play in the adaptation to osmotic stress and in the phytopathogenicity of these 
bacteria [11]. The cychc nature of these molecules could be essential for these 
two aspects, but a precise structural model is needed to assess this point. The 
glucans produced by members of the Rhizobiaceae family are cyclic molecules 
composed of 17 to 40 glucose units, all linked in P-(l-2) ; their structure 
determination presents an enormous challenge, as the NMR spectrum of a 
purified subspecies is completely degenerate and equivalent to that of a single D- 
glucopyranosyl unit [22, 23, 24, 25]. Whereas this might be the indication of a 
completely symmetric molecule, with magnetic equivalence for every glucose 
unit, recent work has shown that no rigid cyclic structure can be formed with 
identical (O,H0 angles for all linkages [26]. The proposed origin for the 
equivalence of all NMR signals is the high flexibility of the molecule, where each 
glucose unit rapidly samples a number of conformations. The NMR parameters 
are therefore averaged twice, over all equivalent units and over time. 
Beyond this problem of time-averaging, the scarceness of experimental 
constraints in oligosaccharides makes an accurate structure determination 
extremely challenging. In proteins, sequential assignment can be obtained from 
NOE contacts between neighbouring residues or on the basis of J-coupling in the 
so-called triple-resonance experiments, but the 3D structure is calculated on the 
basis of a large number of long-range NOE constraints. For the cyclic glucan 
under study, the experimental parameters used for the sequential assignment are 
the only ones available for the complete structure determination. 

4.2 ONE A-( 1 -6) LINKAGE CHANGES IT ALL. 

Recently, the structures of three fundamentally different cyclic glucans extracted 
from cells of /?. solanacearum [16, 27], X. campestris [18, 16, 27] and /?. 
sphaeroides ( 1 9) were described. Although they share the cyclic nature with the 
OPG of members of the Rhizobiaceae family, they can be distinguished by the 
unique degree of polymerization (DP ; 13, 16 or 18 units) and one a-(l-6) 
linkage, whereas all other glucose residues are linked by P-(l-2) linkages. The 



. , 201 

presence of this a-(l-6) linkage induces structural constraints in this molecule to 
such extent that all individual anomeric proton resonances can be distinguished 
(Figure 6). 
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Figure 6. Anomeric proton regions of the DP 18 (top), DP 16 (middle) and DP 13 
(bottom) molecules. The two groups of chemical shifts discussed in the text 
for the DPI 3 molecule are present as well in the two other molecules, 
confirming their belonging to the same structural family. 
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Its minimal size and the complete resonance assignment of the cyclic OPG from 
R, solanacearum make this molecule an ideal candidate for a detailed structural 
study, and we will focus on the results we have recently obtained on this 
molecule. 

4.3 CHEMICAL SHIFT PATTERN ON THE DPI 3 AND DP16 

While the chemical shift remains one of the most easily measured parameter, it 
simultaneously is one of the most difficult to calculate from a structure. Still, it is 
a parameter which is extremely sensitive to the precise three-dimensional 
environment of the nucleus. The observation by both our group and Dr. W. York 
(CCRC, Athens, USA) that the chemical shifts of the H, and Cj atoms flanking 
the glycosidic P-(l-2) linkage show an alternating pattern (Figure 7), suggests 
therefore a non-uniform location of the interglycosidic linkages in the (O, 4^) 
map. This is in general agreement with the observed alternating pattern for the 'j 
coupling constants, that have been related in different theoretical studies [28] to 
the conformation of the linkage. 

Residue H| Cj Hj C2 ^•%j.Ci 

a 5;18v ^ 'mM, V 3.66- . 4^43 Cn73:a 



Y-y :y^^' . \^ ^' ^^454'-^f r-f J103JM-/r\: •■^3^75:S^^-;;^'82:39'•^■■■M:yl64.6V^^^-" 
d 5.04 ; 102.0.; 3:64: ,85.17 167.0^ 



^...^^ ^^^^ 



b 5:09^;^; ' . p^^^ ''3^72 .^i^ ^^■;:^; 467.0 . 

e 5m?^^ ;i022, 80.91. y i67.6' 



•5:06 1023' .3.63 ' 83.36 167.0 



4.94 ' 1033 3.60 '83.50 165.0 



11 13 

Figure 7. Alternating chemical shift values and J( H- C) coupling constant values 
for the different glucose units of the DPI 3 molecule. 
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4.4 LABELING THE MOLECULE 



Chemical shift dispersion in the carbon dimension being far superior to the one in 
the proton dimension, especially for the C2 carbons, both distance and coupling 
constant measurements could greatly benefit of a heteronuclear detection scheme. 
For this purpose, we decided to produce a '^C enriched sample. R. solanacearum 
Til was grown at 24°C with agitation in a low osmolarity medium which 
contained K2HPO4 (1 mM), (NH4)2S04 (1.5 mM), MgCl2 (0,08 mM), FeS04 
(0.5 mg r*), thiamin (2 mg 1''), and casein hydrolysate (4 g 1"' ; casamino acids, 
vitamin free, Difco Laboratories). This medium was adjusted to pH 7.0 with 
Tris-free base. ^''C enrichment was obtained by replacing one fourth of the casein 
hydrolysate by an equal amount of a mixture of uniformly enriched amino acids 
and glucose ("sugar mix ", EMBL, Heidelberg, Germany). The cyclic glucan was 
purified from cell extract (16). Mass spectrometry spectra on both the native and 
'"^C enriched DPI 3 samples indicated an average mass increase of 37.5 Da due to 
the '-^C labeling. Taking into account that the DPI 3 molecule contains 78 carbon 
atoms, this gives a mean enrichment of 48%. A similar result close to 50% was 
found on the basis of integrations made on the non-decoupled 'H spectrum. 
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Figure 8. Heteronuclear Single Quantum Experiment correlating the 'H and '^C 
resonances of the '•'C enriched DPI 3 molecule of R. solanacearum at 301 K. 
The doublet and quintuplet '^C line shapes of units m and j, respectively, are 
magnified. 
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The regular HSQC spectrum, where the "C-"C coupling constants are not 
refocused in a constant-time period [29] indicates that the labeling is not random. 
Indeed, we observed a doublet for the C, resonances (Figure 8, left panel), but a 
quintuplet for the correlation peaks (Figure 8, right panel). "C enrichment of 
the C, position implying "C enrichment of the position leads to the doublet 
structure for C„ and the quintuplet structure for the resonances can be 
explained by the simultaneous presence of ''C, - ''C, - '^C, triplets, leading to a 
doublet for Cz, and "C, - '^C^ - "C, triplets on other molecules leading to a 
triplet structure. Considering the usual bacterial glucose synthesis pathway [30], 
this implies that the "C enriched amino acids have been broken down to the level 
of a two-carbon containing molecule (probably acetyl CoA or acetate), and C 
has been incorporated in a pair-wise fashion. 



4.5 A GEOMETRIC INTERPRETATION OF THIS ALTERNATING 
CHARACTER 

A limited number of studies [31, 32] have attempted to examine the 
conformational behavior of glycosidic linkages on the basis, of precise NOE 
curves However, whereas the small number of distance restraints between the 
two pyranosyl units requires a precise determination of the latter, the flexibility 
of the glycosidic linkage may lead to wrong distances due to a difference in 
dynamics with the proton pair considered as the internal distance reference. To 
take into account the possible variations of internal flexibility, at least two 
independent measures should be obtained for each pair of protons. The ofi^- 
resonance ROESY technique [33] allows the measurement of the dipolar cross- 
relaxation rates along an effective field axis in the rotating frame tilted by an 
angle 6 with respect to the static magnetic field. By varying this angle from zero 
to higher values, the longitudinal (o) and transverse (n) dipolar cross-relaxation 
rates can be determined with a high accuracy since they result from an over- 
determined fitting procedure. Finally these two values can be exploited 
simultaneously to obtain distances without the requirement of any internal 
reference r34 1 

Build-up rates for the normalized cross-peaks in HSQC-NOESY spectra were 
determined on the basis of four mixing times between 100 and 400 ms with a 
good linear behavior up to at least 300 ms. The off-resonance ROESY spectra 
were recorded as a series of 2D spectra with a constant spin-lock field 
strength yB,=7 kHz but with varying offset A of the spin-lock field. Eleven 
values of 6= arc tangent(YB,/A) were sampled between 5° and 55°, with two 
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mixing times of 150 ms and 300 ms for every angle. Bu,ld-up curves were 
deZinTindependently for every angle, using the -os-peak volurr^s 
™ i^3 to the diagonal peak ones in order to extend the vahd.ty of the m.tml 
™ pplSmat.on. A 1 Jt square fU of the resulting slopes as a funct.on of e 
angle to the theoretical expression a'=acos\e) -h ^sm (9) yields both 
relaxation rates. 

we observe excellent agreement between the a rates determinai by^the cla^^^^^^ 
NOE build up rates and those obtained by the off-resonance ROESY fit (Table 
i) The independent determination of a andu allows extraction of pairw.se 
structural (r) and dynamic (x^) parameters (Table I, columns 5 artd 6). 
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n^itdureZ^^^^^^^ 3). transverse cross-relaxation rates by the same procedure 
fcoTumn i' and rLlting pairwise distances r and dipolar correlation 
times ^cp (columns 5 and 6). ND = not determined due to overlap. 
Two classes of interglycosidic distances can be f tir^guished the e Unking a m 
proton from group 1 [b-e] to the H2 proton from group 2 [f-l], with values 
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around 2.45 A, and those where a unit from group 2 substitutes a unit from 
group J, with significantly shorter distances (around 2.15 A). An averaged 
distance between these both extremes is found for the pair bl-e2. However, the 
anomeric proton of residue b is appreciably broadened (around 0.5 Hz at 301 K) 
compared to the other anomeric resonances. At lower temperatures (288K), the 
sphtting due to the homonuclear coupling constant disappeared completely due to 
the line broadening, proving that the glycosidic linkage exhibits some low 
frequency jumps between two (or more) positions. The longer correlation time 
observed for this NOE contact indicates that, in the nanosecond range, this 
glycosidic bond is more rigidly fixed than are the other glucose units. The b-e 
glycosidic bond is diametrically opposed to the a-(l-6) linkage between units a 
and f, and it links two units within group 1 ; these two observations might be the 
basis of its particular behavior. 

Relaxed energy maps for p-sophorose [35] show the main low-energy region at 
20° < <E) < 80° and -60° < 4^ < 60°. A comparison of the calculated energy map 
with a map showing the H1-H2' inter-proton distance of P-sophorose as a 
function of the interglycosidic angles together with the observed strong NOEs 
indicates that all P-(l-2) bonds of the cyclic OPG of B. solanacearum are 
situated in this main low-energy zone. However, the calculated precision of the 
interglycosidic distances (Table I) allows us to discern a pattern of alternating 
shorter and longer Hr-H2 distances along the primary sequence, following 
closely the alternating pattern of chemical shift values. The deviating distance 
found for the bl-e2 contact is accompanied by a similar perturbation for the HI 
and C2 chemical shift values of this particular linkage. 

4.6 MEASUREMENTS OF LONG-DISTANCE COUPLING CONSTANTS. 

The delay in the HMBC during which the long-range H-C correlations were 
established for the sequential assignment was optimized for a hypothetical 
coupling constant of 5 Hz, The resulting spectrum showed uniformly intense 
cross-peaks in the region connecting C 1 and H2* resonances, whereas the C2'-H 1 
region showed important differences in intensity for the various cross peaks [36]. 
This observation suggests uniform '*J(C|-H2') coupling constants with values 
close to 5 Hz, but a less uniform distribution for the ''j(H,-C2) coupling 
constants. However, differential relaxation rates as well as any other long range 
carbon coupling might in part contribute to the latter intensity difference, and the 
absolute value character of the cross peaks makes a quantitative evaluation of the 
coupling constants far from straightforward. Numerous other techniques for 
measuring the coupling constants have been described in the literature [37, 
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38] Poppe ex al. (23) described a filtered ('H, 'H) ROESY experiment based 
on the general 'j-resolved E.cosy approach (39). This experiment resulted in 
accurate values on the homogeneous cyclic p-(l -2)-glucan icosamer isolated 
from Rhizobium trifolii. The experiment was performed on a 5mM natural 
abundance sample, but the high flexibility of this molecule leads to a completely 
degenerate 'H and "C spectrum , equivalent to that of one single unit [22, 23, 
24 251 This reduces the information content of the measured coupling 
constants, as they represent time-averaged values, but enhances simultaneously 
r feasibility of the experiment, as the 5 mM sample results m an effective 
glucose concentration of 1.00 mM. Despite this high concentration, the resulnng 
Experiment took 54 hours. A similar experiment on a natural-abundance DP13 
sample, where no degeneracy exists, would not be feasible, making C labeling 
essential. 

The original experiment as proposed by Poppe et al. [23] exploits the presence of 
''C '^C and '^C,-''C'2 • carbon pairs at natural abundance. The 5U/o 
incorporation of '^C in the present DP13 molecule optimized the number of such 
carbon pairs, but forced us to introduce an additional step of C filtering. The 
cornplete sequence is depicted in Figure 9. and can easily be broken down into 
three modules : first, a '^C filter is applied in order to select for the t, evolution 
only those protons that are ''C bound. We used a gradient-enhanced scheme 
(Figure 9A) that is quite similar to the solvent suppression scheme used in the 
'H-'=N HSQC experiment [40]. When the first gradient is applied, C bound 
proton magnetizaL is in the IzSz state, whereas all 
components are in the xy plane and will be effectively scrambled by G,. Ato 
refocusing of the proton magnetization, it is stored temporarily along the z-ax.s, 
and the second gradient removes effectively all residual terms. 
In contrast to the "C half-filter of Poppe et al. [23], our sequence selects no anti- 
phase proton magnetization with respect to the 'Jc„ coupling but pure in-phase 
proton magnetization (term Ix). This magnetization will evolve during t, under 
the influence of both the chemical shift and the 'Jch scalar coupling term, and 
terms of the form Iz cos((0,t,) cos(itJ t.) will enter the NOESY mixing time 
(Figure 9B). The length of the mixing time should be a cornpromise be ween 
wo rSuirements : it Luld be long enough to allow an fc-t transfer of 
proton magnetization between the H, and H,' positions, but ,t should not be too 
long such that '^C T, relaxation will destroy the E.cosy type pattern that was 
constructed during t,. Intuitively, the second requirement can be understood as 
follows: during t,. two populations^^ of proton spins can be distinguished, 
depending on the state of the attached spin. 
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Figure 9 Pulse sequence for the double half-filtered NOESY spectrum. The sequence 
has been divided in three parts, the '^C filter (A), the t] evolution and 
subsequent NOE mixing time (B). and the final '^C filter (C). Phases used 
are: Oi=y, a>2=(x, -x), a)3=(8*x,8*(-x)), a>4=(x, x, -x, -x, y, y, -y, -y). 
a)5=(4*x, 4*y), 06=(-x, -x, x, x, -y, -y, y, y), 4'l=x, 4'2=x or -x (according to 
the choice of the subspectra), acquisition phase = (x, -x, -x, x, y, -y, -y, y, -x, 
x,x,-x, -y,y, y. -y). 
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r^ ■ rh. NOF mixing tiiw,. we want this relationship to be conserved but it 
^:^^t!^^^o T. r.axat.on. If the nixing time is so long that the 
correlation between initial and final '^C spin state has completely d-PP-ed, no 
d^cement .n co. representative for the value 
case of the cyclic glucan. both requirements can eas.ly be fulMed by a 
mixing time of 100 ms, as the H.-H^' distances are all very short [42]. 

1 « IV filter that is similar to the one used for 

:X L'^ enncKed ...h a s,ab,e is«pe 143, 44 « ro» 
inter subunU NOE cross peaks in symmetrical homodrmers [46, 47]. The same 
Z"C 90' pulses ,ha. are used for "C se,ec„o„ (o«e with U« P"-- ''i 
Ptoses equal and once opposi«!) have ,o be applied at .he eml of f,l.e , m 
phases f,equa (Figure 9C). Failure of applymg those 

"putsTeaTrE c type'c'LTiks' .^t for the ,»o spectra are oppcsUel, 
^Z Tl :,l^l^ '0 the coupling value, t»ktng the addition of the two 
subspeclra in order to produce a filtered spectrum impossible. 

— ;=nar.i^^^^^^^^ 

1 .08 when adding both subspectra. 
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sequence oi ngu couDlinc constant (Left), and 

extraction of the corresponding J (mHi - aC 2) coupling 

similar for the kHi-cH2' cross peak and corresponding J (kCj - cH2 ) 

couphng constant (Right). 
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The left panel of Figure 10 shows an enlargement of the aH2'-mH, cross peak: 
in coi, the central frequency of the doublet is that of the aHj' proton, and we 
observe the doublet with respect to the 'Jhc coupling constant of 145.8 Hz. In CO2, 
both lines correspond to a '^C bound mH, proton, but the upper line of the cOj 
doublet is displaced with respect to the lower one by 4.2 Hz, which is the value 
for the corresponding (rnHj - aCj') coupling constant. In the other quadrant of 
the spectrum, we will observe H2 magnetization, and the right panel shows a 
zoom of the kH,-cH2' cross peak. The upper triplet (corresponding to CH2' 
magnetization coupled through a long-range constant to a k '^Ci nucleus in a 
well-defined state) is displaced by 4.1 Hz with respect to the lower one, 
corresponding to the c H2' proton bound to a k *^Ci is in the other state. In both 
cases the fine structure of the observed cross peak (a doublet for the anomeric 
protons, and a triplet for the H2 protons) increases the level of confidence for the 
measurement of the coupling constant : indeed, we can measure the displacement 
of every component of the multiplet at a),+'j/2 with respect to the corresponding 
component in the multiplet at co,- 'j/2. From this multiple measurement, we 
estimated error bars of ± 0.2 Hz on the reported "^J values reported in Table 11. 
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Table II : Long-range H- C coupling constants obtained for the cyclic glucan of 
Ralstonia solanacearum. The angles were derived according to the Karplus 
relationship [48] and assuming that the linkages are in the main low-energy 
zone. The first two values were not determined due to overlap of the 
corresponding cross peaks. 
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The presence of intra-residue H5-H1 cross peaks despite the combined '^C and 
'^C filters stems from glucose residues that contain a '"^C, but a C5 nucleus , 
and is compatible with the pairwise incorporation of '-^C nuclei (vide supra). 
From these cross peaks, coupling constants for Hi-Cj smaller than 0.5 Hz were 
measured, in agreement with the very weak cross peaks observed in the HMBC. 

Using both quadrants, 10 values of both 'j values could be extracted (Table II). 
The missing values could not be determined because of heavy overlap of the 
corresponding cross peaks. Finally, it should be noted that the single a-(l-6) 
linkage can equally be characterized by the same procedure, as we could measure 
the coupling constants between Hg-C, and H^'-C, (the notation H^-He' being at 
this moment arbitrary). The values found are 'j(aCrfH6) = 2.4Hz, and 'j(aC,--f 
Hfi') = 3.0 Hz. 



4.7 A UNIQUE STRUCTUJIE OF THE MOLECULE? 

The techniques of Distance Geometry and/or Simulated Annealing are commonly 
used to generate families of protein structures compatible with the majority of the 
experimental data. However, it has been amply demonstrated that the reliability 
of both techniques depends to a large extent on the number of experimental 
constraints that can be imposed rather than on the accuracy of these constraints. 
In the case of our cyclic oligosaccharide molecule, however, this number of 
constraints is limited to the distance measurements between protons flanking the 
glycosidic linkages, and the long-range coupling constants. An additional 
problem with the latter is that the empirical Karplus relationship, well 
parametrized for protein structures due to the large number of crystal structures 
and coupling constants, is not as reliable for oligosaccharides. Indeed, the 
majority of experimental points that were used for the actual parametrization of 
the Karplus relationship concern a series of conformationally rigid carbohydrate 
derivatives with dihedral angles between 90° and 270° [48]. As the authors had 
not yet prepared rigid compounds containing fixed C-O-C-H segments with 
dihedral angles outside this region, they included three experimental values for 
compounds where the dihedral angles were not directly determined by X-ray 
crystallography Therefore, we believe that for our compound characterized 
mainly by dihedral angles outside of the (90°, 270°) region, the current 
parametrization ('Jc-h = 5.7 cos^O) - 0.6 cos(a)) + 0.5) and thus the angles 
derived from the coupling constant values have to be used with caution. 
For the reasons mentioned above, we developed a genetic algorithm approach to 
generate different structures [49] The solvent contribution, which plays an 
important role in oligosaccharide stability, is taken implicitly into account by the 
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boundary element method [50, 51], which averages over all possible water 
configurations. The distance results stemming from the off-resonance ROESY 
experiment were included as a harmonic energy term. 

The algorithm yielded several interesting structures, characterized by an overall 
low energy. These structures consistently contain fragments that adopt the 
ribbon-like right-handed helix as was described for the DP 16 molecule [18]. 
However, we found no single structure that was of low energy and compatible 
with all experimental data simultaneously. For this reason, we decided to first 
look at the dynamics of the molecule in solution. The result of this study is 
described in the paragraph below. 

5. Complex dynamics of the DP13 molecule 

5.1 IMPORTANCE OF DYNAMICS 

The dynamics of biomolecules has been an intensive field of research over the 
last years [for a review, see 52]. In the field of protein dynamics, numerous 
studies have probed the rapid motions on the pico- to nanosecond time scales, 
with relatively small arriplitudes. These motions are generally considered as 
librations or hindered motions in an energetic well, and contribute by influencing 
barriers for slower motions and by modulating entropic changes that might be 
associated with functional processes. Recent studies in the field of 
oligosaccharide NMR have also focused on this rapid dynamics. Slower domain 
motions, however, have proved to be more difficult to study, despite their 
enormous biological relevance, as they are close to the time scales on which 
docking, catalysis and ligand release take place. Examples are long-range loop- 
flip motions in proteins, or the "flipped-out" substrate base in the crystal 
structure of DNA cytosine-5-methyltransferase. However, to our knowledge, no 
such slow-time scale motions have been reported for isolated oligosaccharides. 
As we will show further, the DPI 3 molecule of /?. Solanacearum does exhibit 
fluctuations of probably large amplitude on the |is time-scale, adding to its 
intriguing function in vivo the question of the functional relevance of this 
complex dynamics. 

5.2 RESULTS OF HOMONUCLEAR EXPERIMENTS 

A side result of the off-resonance ROESY experiments as described above is the 
set of tc values describing the individual correlation functions describing the pair- 
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wise dipolar interaction between HI and H2' protons. These values were found to. 
be fairly homogeneous, with an average value of 0.9 ns. At first, we attributed 
them to the overall tumbling of the hypothetical rigid molecule, but fast internal 
dynamics could also contribute to the modulations of the dipolar terms. However, 
a separation of overall and fast internal dynamics, as is often done following 
heteronuclear relaxation studies, is not of much use here, as every individual 
dipolar interaction is described by its own T,.. 

Indication of slow dynamics came from the observation that the b anomeric 
proton resonance is appreciably broadened compared to all other anomeric 
resonances. We therefore decided to start a detailed heteronuclear relaxation 
study to better understand the complex dynamics of the DP 13 molecule. 

5.3 HETERONUCLEAR RELAXATION EXPERIMENTS INDICATE A 
SLOW CONFORMATIONAL EXCHANGE 

A nowadays well-established approach to the investigation of dynamical 
properties in carbohydrates (and other biomolecules) is by means of 
heteronuclear relaxation measurements. A "model-free" analysis of the relaxation 
rates has been proposed, decoupling the overall tumbling motion and the local 
motion where the extent and dynamics of the latter are characterized by an order 
parameter S' and a local correlation time [53]. Moreover, in several studies, 
especially in proteins, it has been necessary to extend the parameter set to obtain 
consistency between the different relaxation data. An example is the ad hoc 
inclusion of an exchange term into the expression of the T^ relaxation rate [54], 
or, recently, the anisotropy of the rotational diffusion as a supplementary 
parameter [55]. 

A- complete heteronuclear relaxation study on the cyclic glucan of R. 
solanacearum has allowed an experimental verification of the agreement between 
the correlation times stemming from the off-resonance ROESY experiment (that 
describe the motion of the proton-proton vector) and the ones from the 
heteronuclear relaxation experiments, describing the motion of the H- C vector. 
Secondly, the heteronuclear relaxation data yield very important information 
about the slow dynamics of the molecule, with exchange rates of the order of 
several microseconds. 

The T, values of all carbon CI resonances, when fitting the magnetization curves 
measured on a '^C labeled sample to a mono-exponential are fairly homogeneous, 
with values centered around 276 ms (Table III). Error bars on the individual T, 
times were estimated to ±3 ms. When measuring the T, relaxation rates on a non- 
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enriched sample, we systematically found longer values. We checked for a 
possible influence of the sample concentration by comparing one-dimensional T, 
data on a native and enriched sample at the same concentration, but the 
difference consistently showed up. The average decrease of 14 ms for the CI 
relaxation times upon enrichment was therefore attributed to the contribution 
of the carbon-carbon dipolar interaction to the relaxation pathway, and is in good 
agreement with the 4.6% variation in the Ca T] time when going from a singly 
towards a uniformly '^C-labeled alanine residue dissolved in perdeuterated 
glycerol at 40°C where its correlation time Xc is equal to Ins [56]. The magnitude 
of the contribution of the **^C2-'^C1 homonuclear dipolar interaction being a 
monotonic function of correlation time, the observed difference is an independent 
estimate of a correlation time of the order of Ins. 



Residue 


T] (Cl)(ms) 


Ti(C2) (ms) 
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NOE (C2) % 
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Ti (Cl)(ms) 
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aC3 


274 


34 






aC5 


272 


35 






fC3 


308 


36 






fC4 


289 


35 






mC3 


279 


33 






mC5 


294 


38 





Table III. (a) T] and NOE values for the CI and C2 carbons of the cyclic OPG of R 
solanacearum, as measured on a '^C enriched sample at 30 IK. Residues are 
labeled as in Figure 2. Overlapping resonances were grouped in pairs, 
indicated by special symbols. The average value is reported, (b) Tj and NOE 
values for other selected carbon resonances. 
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The good chemical dispersion around the a-(l-6) linkage both at the H and C 
Ivel lowed the detelnation of the T, times of some other carbon nuc . 
Therefore we could verify whether the ring carbons in each r.ng are dynamically 
IJu" aS. For both the a and m umts, the values for all carbons .n the hexacyde 
Z very uniform (Table III), confirming that this unit moves as a ng.d body. For 
the f unit, we see some more variation, which might pomt to. an enhanced 
mobility for this residue implicated in the a-(l-6) linkage. 
The NOE values are also in good agreement with the theoretical value calculated 
for a te=0 9 ns correlation time. As we do not expect any influence of the carbon- 
carbon Zlar coupling, the measurements were only performed on the enriched 
SlTe CtheoreticaT expression for the NOE value contains spectral density 
er7s!n both the numerato" and enumerator. Therefore, this parameter shows no 
explicit dependency on the order parameter leaving us with a pure estimation 
ofl. The average value of 34% is in excellent agreement with the previously 
determined value of 0.9 ns for tc. 



Cl region 
TE=301K 




f;.9 5.0 4*8 roni 



C2 region 
TE=301K 



3.8 3.6 



C2 region 
TE=333K 




3.9 3.6 



Figure 11. Selected regions of a constant-time HSQC spec^^"';/^^^^^^^ reR^n^t 
^ DP13. a) Hl-Cl region at 301K; b) H2-C2 region ^ ^O"^, c) H2-C^^^^^^^^ 

333K The intensities were normalized with respect to the f H2-C2 correlation 



peak. 
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Based on the same estimates of the correlation times Tc=0.9 ns and order 
parameter S^= 0.85, we expect T2 relaxation times of the order of 190 ms. A 
first indication of a discrepancy between these theoretical value and the 
experimental ones came from the observation of the constant- time HSQC on a 
C enriched sample. The constant-time period for the evolution of the chemical 
shift was set to 44 ms, allowing a correct refocusing of the average '^C-'^C one- 
bond J-coupIing constant. In the spectrum of Figure 1] (left) recorded at 30 IK, 
all HI -CI direct correlation peaks are visible, be it with a weaker intensity for 
the bCl resonance. In the same spectrum, all H2-C2 correlation peaks are 
substantially weaker, and certain resonances such as the I unit almost disappear 
(Figure 12, middle). 

A strong indication that the additional line broadening is due to chemical 
exchange comes from the temperature dependence of the line broadening. 
Already for the anomeric proton resonance of unit b, we had found an increased 
broadening at lower temperatures. At higher temperatures, the chemical exchange 
rate ke^ should increase, and hence contribute less to the exchange broadening. 
We tested this by recording constant-time HSQC spectra at different 
temperatures ranging from 20 °C to 60 °C. As can be seen in Figure 11 (right), 
the C2 resonances gain considerably in intensity at the higher temperature, in 
agreement with the hypothesis of exchange broadening. The fC2 resonance, that 
is not involved in a linkage, provides a reference as it hardly changes in intensity 
upon increasing temperatures. 

More precise measurements of the T2 values were obtained with the 2D extension 
of the Carr-Purcell-Meiboom-Gill (CPMG) sequence [57, 58]. The large 
distribution of expected T2 times (inferior to 40 ms for certain C2 resonances, 
based on the results of the constant-time HSQC experiment, and of the order of 
150 ms for the a and m CI resonance, based on preliminary ID relaxation 
experiments) led to the delicate problem of choosing the CPMG times that should 
be used in the series of 2D experiments. The CPMG times were selected 
according to the results of a recent theoretical study where the Cramer-Rhao 
theory was used to defme an optimal samphng strategy [59] The results of the 
T2 measurements are summarized in Table IV The series was repeated twice at a 
two-months interval, and the results proved reproducible to within ± 2ms 
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Residue 


T2(Cl)(ms) 
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Table IV. T2 values measured on the non-enriched OPG of /?. solanacearum at 
301 K and 150 MHz. We used the CPMG sequence with a delay 5=500 ^is 
between the n pulses, and 11 CPMG times ranging from 1ms to 240 ms (see 
text). Overlapping resonances were grouped in pairs, indicated by special 
symbols. The average value is reported. Exchange contributions were 
calculated from (1/T2°'' = ^2""'' + Aex ) with a T/''= 190 ms. 

Whereas the values of all CI resonances except for the b unit experience 
relatively little exchange broadening, the bCl and even more all C2 resonances 
are dramatically broadened. With a purely dipolar T2 value of 190 ms based on 
the estimates of 0.9 ns for the correlation time and 0.85 for the order parameter 
the exchange contribution to the bCl linewidth can be estimated to 14 Hz, 
whereas for certain C2 resonances, it obtains values as large as 54 Hz 
(Table IV). Alternatively, we could consider the fC2 T2 relaxation time as the 
basis for the non-exchange broadened T2 value, but this leads to no major 
differences for the exchange term. 

In the constant time HSQC experiment, only one 180° '^C pulse is applied during 
the delay of 44 ms, therefore no refocusing of the chemical exchange can happen 
(vide infra), and the exchange contribution is given by (60) 

[1] Aex = ax'/8/kex 

The quadratic dependence on Q^^, the chemical shift separation (in radial units) 
of the different chemical species, emphasizes that physically an exchange process 
is similar to the molecular self-diffusion process, here in one dimension. 
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Furthermore, the analytical dependence of the exchange contribution on the 
quadratic difference in chemical shift for the co-existing conformations suggests 
a straightforward way of verifying the nature of the broadening mechanism. We 
recorded at 301 K a series of T2 experiments at the lower field of 7.1 T (or 75 
MHz for '^C). The disadvantage of the lower field strength was the decrease in 
sensitivity and the increased spectral overlap, leading to considerably higher 
uncertainties in the T2 values. Still, the good separation of the H2-C2 correlation 
peaks allowed us to extract a certain number of them (Table V). If again we 
estimate the dipolar contribution to the T2 relaxation time based on a correlation 
time Tc = 0.9 ns and an average order parameter = 0.85, we obtain a value of 
133 ms. Subtracting this dipolar 



Residue T2(C2) (ms) AexC2(Hz) A^^ (14T)/ Ae, (7T) 



a ND ND ND 

f 122±5 0 

i 84±7 4.4 3.2 

j 84±6 4,4 3.2 

d 75±6 5.8 4,3 

1 59±10 9,4 5.7 

b 64±6 8.1 4.1 

e ND ND ND 

k ND ND ND 

c ND ND ND 

h ND ND ND 

g 73±10 6.2 4.5 

m 57±7 lOO 3^ 



Table V. '^C T2 values measured on the non-enriched OPG of R. solanacearum at 
30 IK and 75 MHz. Exchange contributions were calculated from (1/ T2''''' = 
1/ T2'*P + Aex ) with T2'*P= 133 ms. 

contribution from the observed relaxation rates, we obtain the exchange 
contribution at 75 MHz (Table V), and can evaluate the ratio of the exchange 
contributions at 14. IT and 7. IT. Taking into account the large uncertainties on 
the T2 values at the lower field of 7. IT, the obtained ratios are reasonably close 
to the theoretical value of 4 as expected from Eq. 1 . 
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5.4 STRUCTURAL IMPLICATIONS OF THE RELAXATION DATA 

The above described results indicate unambiguously that the oligosaccharide 
passes through different conformations that are in dynamic exchange on the 
microsecond time scale [61]. One major problem of any NMR study on a system 
that shows rapid chemical exchange is the average nature of all obtained 
structural parameters. A very illustrative example is formed by the cyclic 
decapeptide antanamide, for which the available NOE and J coupling data could 
not be satisfied by one single conformation [62]. The simplest model compatible 
with all NMR parameters required two different conformations. Another extreme 
example of the average nature of the NMR parameters is formed by the all |3- 
(1-2) cyclic glucans of the Rhizobiaceae. Both the chemical shift values and the 
■'j coupUng constants measured over the glycosidic linkage reflect an average 
behaviour over both the individual monomers and over the different 
conformations adopted by the macrocycle over time. 

Our initial hope when starting the structural studies on the OPG of R. 
solanacearum was that the single a-(l-6) linkage would induce structural 
constraints to such an extent that both mechanisms of averaging would be greatly 
reduced. Whereas the first averaging evidently has disappeared - we observe all 
anomeric protons resonances individually - the above described relaxation data 
show that our structural data still result from an average over two or more 
conformations. 

It is illustrative to map the exchange contribution on the macrocycle (Figure 12). 
With the exception of the b unit, only the C2 carbon Tj values are appreciably 
affected by the chemical exchange, implying the most important variation for 
the4' angle between the different conformations. We further observe that 
chemical exchange is not uniformly distributed over the macrocycle, as the 
residues around the a-(l-6) linkage are relatively little affected, whereas the 
main exchange phenomenon takes place around the b unit, diametrically opposed 
to the a-f linkage. For the latter b residue, both CI carbon and C2 carbon are 
considerably broadened. In the case of the DP16 molecule of Xanthomonas 
campestris, York presented recently (18) a structural model, and proposed a 
topological reversal point between the two helical domains to occur at the level of 
the flexible a-(l-6) linkage and at the residue where a frameshift in the 
alternating chemical shift pattern was observed. Our current hypothesis is that 
this point of asymmetry in the DP13 molecule of R. solanacearum occurs at the 
level of the b residue, but not in a static fashion - i.e. that the point hops between 
both linkages preceding or following this b residue 
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Figure 12, The macrocycle of the DPI 3 OPG of R. solanacearum. The circles on the 
C2 carbons graphically represent the exchange contribution to the T2 
relaxation of the C2 nucleus. All CI carbons except for the bCl have values 
of Aex inferior to lOHz. 

In the '^C NMR spectra of oligo- and poly-saccharides, the chemical shifts of 
the carbon atoms on either side of the glycosidic linkage have been found to vary 
over a range of up to 1 2 ppm, depending on the conformation of the linkage [63] . 
Excluding the fC2 carbon that is not implicated in a linkage, the variations for 
the C2 resonance positions have to be very large to lead to the observed line 
broadenings, indicating a large conformational variety. The combination of the 
explicit dependence of the chemical shift on the conformation of the glycosidic 
linkage, at least m a p-(l-2) linked disaccharide, with the previously determined 
short distances and "J coupling constants will probably allow to alleviate this 
ambiguity 



221 

6. /n vtvo observation of the OPGs. 

The functional relevance of the complex internal dynamics of the OPG in vitro is 
not clear at this moment. However, NMR allows equally to probe the motional 
freedom of the OPG molecules in the bacterial periplasm, which might be more 
directly related to its function. In vivo NMR studies have mostly focused on 
small molecules, aiming to detect and quantify metabolites by P NMR or C 
NMR but have not yet been used to investigate more complex biomolecules m 
the organism, and to address the question of conformation in vivo. The aim of 
our study was therefore twofold : can we observe the molecule, and hence deduce 
a certain degree of molecular mobility? and can we see whether the 
conformational slow exchange as observed in vitro is still present in the complex 
environment that forms the periplasm? 
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Figure 1 3 'H-'^C HSQC spectrum of a cellular suspension of R solanacearum in D2O 
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One of the prerequisites of high-resolution NMR is that the external nnagnetic 
field is extremely homogeneous over the volume of the detection coil. Modern 
techniques of magnet and coil design have led to the impressive achievement of a 
homogeneity smaller than one Hz, on a total frequency that approaches the GHz. 
However, when bodies with a different magnetic susceptibility are introduced in 
the sample, this resolution is partly lost, due to the macroscopic dipolar fields 
that are generated at the interface of differential magnetic susceptibility. Recent 
efforts aimed at minimizing such effects have used the technique of Magic Angle 
Spinning [64, 65], borrowed from solid state NMR, to minimize macroscopic 
inhomogeneiti'es, and obtain high-resolution spectra on heterogeneous samples 
such as polystyrene resin-bound organic molecules or peptides [66, 67]. 

We performed a first experiment with a 60ml solution of concentrated cells in a 
4mm rotor, but the spinning at 4kHz altered the hydration of the cells, and no 
workable NMR spectra could be obtained. In a second attempt, we recorded a 
spectrum of the same solution in a regular non-spinning 5mm tube, and here, we 
were able to obtain a good spectrum, where both the anomeric and C2 region 
could be clearly distinguished (Figure 13). We ascribe the success of this 
experiment to the small difference in magnetic susceptibility between the cells 
and the aqueous solvent, as had been observed earlier for entire embryos [68]. 
Future work of our groups will therefore be directed to selective labeling of the 
OPG by using CI or C2 labeled glucose as sole carbon source, and further 
investigate the structure and dynamics of the OPG in the bacterial periplasm. 
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Chemosensitization of a Multidrug-Resistant Leishmania tropica Line by New 
Sesquiterpenes from Maytenus magellanica and Maytenus cliubutensis 
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Parasite resistance to drugs has emerged as a major problem in current medicine, and therefore, 
there is great clinical interest in developing compounds that overcome these resistances. In an 
intensive study of South American medicinal plants, herein we report the isolation, structure 
elucidation, and biological activity of dihydro-^-agarofuran sesquiterpenes from the roots of 
Maytenus magellanica (1-14) and M chubutensis (14-17). This type of natural products may 
be considered as privileged structures. The structures of 10 new compounds, 1, 3, 6-9, and 
12—15, were determined by means of and ^^C NMR spectroscopic studies, including 
homonuclear (COSY and ROESY) and heteronuclear correlation experiments (HMQC and' 
HMBC). The absolute configurations of eight hetero- and homochromophoric compounds, 1, 3, 
6-9, 12, and 13, were determined by means of CD studies. Fourteen compounds, 1-3 and 
6—16, have been tested on a multidrug-resistant Leishmania tropica line overexpressing a 
P-glycoprotein-like transporter to determine their ability to revert the resistance phenotype 
and to modulate intracellular drug accumulation. From this series, 1, 2, 3, 14, and 15 showed 
potent activity, 1 being the most active compound. The structure- activity relationships of the 
different compounds are discussed. 



Introduction 

The species of the Celastraceae family have a long 
history in traditional medicine. ^-^ The leaves and roots 
of different species of Maytenus are used in folk medi- 
cine around the world. ^ The stem bark of M. senegalen- 
si^ is used in Sudan for the treatment of tumors, 
dysentery, and snake bites, whereas M. 11 ici folia has 
been used for anticancer and contraception in South 
America"^ and for the treatment of gastric ulcers, dys- 
pepsia, and other intestinal disorders. ^-^ As part of an 
intensive investigation into biologically active metabo- 
lites from species of this family, we had previously 
reported quinone-methide^-^ and dimeric triterpenes^ 
showing antimicrobial and cytotoxic activities. On the 
other hand, sesquiterpene esters, based on the dihydro- 
y9-agarofuran [5,11 -epoxy-5/9, 1 Oa-eudesman-4- (1 4) -ene] 
skeleton, are chemotaxonomic indicators of the family,^** 
and they have attracted a great deal of interest because 
of their immunosuppressive,*^ cytotoxic, insect-anti- 
feedant, and insecticidal activities. Recently, they have 
shown anti-HIV,*"* reversal multidrug resistance (MDR) 
phenotype, *^'*^ and antitumor-promoting activities.*^ 
These data along with their structural characteristics 
make dihydro-y9-agarofuran sesquiterpenes to be con- 
sidered as privileged structures}^ 
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Protozoan parasites are responsible for some of the 
most important and prevalent diseases of humain and 
domestic animals, threatening the lives of nearly one- 
quarter of the human population. World Health Orga- 
nization statistics show that with a 42-fold increase in 
the past 15 years leishmaniasis has become the second 
worldwide cause of death among parasitic diseases, 
mainly because of the appearance of drug-resistance 
mechanisms. The MDR phenotype due to the increased 
expression of P-glycoprotein (Pgp)-Uke transporters has 
been characterized in tumor cells20.2i and protozoan 
parasites, 22 including Plasmodium^^ and Leishmania 
spp.24-26 pgp belongs to the ABC (ATP-binding- 
cassette) superfamily of transporters and exports a wide 
range of drugs from the cell, decreasing their intracel- 
lular concentration and preventing their cytotoxic activ- 
ity. Structural analysis of Pgp shows two homologous 
halves, each composed of a cytosolic nucleotide-binding 
domain whose ATPase activity provides the energy 
needed for the active export of cytotoxic compounds and 
a transmembrane domain, involved in drug efflux. 
Mammalian Pgp can be inhibited in vitro by reversal 
agents, also called chemosensitizers or modulators, such 
as verapamil and cyclosporin A, which compete with 
drug binding to the transmembrane domains. How- 
ever, most of these modulators are also pumped sub- 
strates and therefore require high concentrations for 
effective inhibition. These concentrations produce un- 
desirable side effects that hamper their clinical use. In 
addition, these classical modulators of drug efflux in 
mammalian cancer cells only poorly sensitize the MDR 
phenotype in Leishmania parasites.^"* -26,28 Xhus, new 
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Figure 1. Sesquiterpenes from Maytenus magellanica and M. chubutensis. 



classes of more specific, nontransported inhibitors of 
Pgp-Iike transporters with lower host toxicity need to 
be developed. 

Dihydro-/3-agarofuran sesquiterpenes are particularly 
promising modulators of the MDR phenotype in eukary- 
otic organisms. Interestingly, we have recently reported 
that a number of dihydro-y?-agarofuran sesquiterpene 
derivatives from Crossopetalum tonduzii constituted 
efficient modulators of Leishmania MDR reverting 
significantly the Pgp-like transporter mediated dauno- 
mycin (DNM) resistance.^^ Besides, dihydro-/5-agaro- 
furan sesquiterpene derivatives isolated from the roots 
of Celastrus orbiculatus partially or completely reversed 
the MDR phenotype in cancer cells. ^® 

This paper reports on the phytochemical analysis of 
the root bark extracts of the Chilean genus Maytenus 
(Celastraceae) {M. chubutensis and M. magellanica) and 
describes the isolation of 10 new sesquiterpenes (1, 3, 
6—9, and 12—15) with a dihydro-y?-agarofuran skeleton. 
Their structures were elucidated by means of and 
^^C NMR spectroscopic studies, including homonuclear 
(correlation spectroscopy (COSY) and rotating-frame 



Overhauser enhancement spectroscopy (ROESY)) and 
heteronuclear correlation experiments (heteronuclear 
multiple-quantum coherence (HMQC) and heteronucle- 
ar multiple-bond correlation (HMBC)). The absolute 
configurations of the eight compounds 1, 3, 6— 9, 12, and 
3 were determined by application of the circular dichro- 
ism (CD) exciton chirality method. The known com- 
pounds 2,29 4 30 5 30 10,29 11 31 16 31 and 17^2 were 
identified by spectroscopic methods and comparison 
with authentic samples or reported data. Fourteen 
compounds 1-3 and 6-16 have been tested on a MDR 
Leishmania tropica line overexpressing a Pgp-like trans- 
porter to determine their ability to revert the resistance 
phenotype and to modulate intracellular drug accumu- 
lation. 

Results and Discussion 

Repeated chromatography of the /7-hexane/Et20 
(1:1) extract of the root bark of A/, magellanica on 
Sephadex LH-20 and silica gel afforded, in addition to 
the known compounds 2, 4, 5, 10. and 11, the new 
compounds 1, 3, 6-9. and 12-14 (Figure 1). and 
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Table 1. 


»H NMR {CDCI3) Chemical Shift 6 and J (Hz) Values (in Parentheses) of Compounds 1, 3, 6-9, and 12-15 
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5.73 s^ 


2.48 d 


5.73 dd'' 


5.38 d 


1.85 s 




(2.8) 




(3.6, 15.4) 




(3.0) 


(3.0, 4.7) 


(4.7) 




14 


5.76 d 


5.86 m 


2.22 m^ 


6.35 s 


2.36 t 


2.69 m 


5.56 d 


/I CI C 9C 
4.OI, D.6D 




(3.5) 








(2.9) 


2.22 m^ 


(7.1) 


dAB(l2.8) 


15 


5.89 d 


5.93 m 


2.15 m 


6.28 s 


2.43 t 


2.65 


5.53 d 


4.44, 5.34 




(3.5) 




2.65 m^ 




(2.7) 


2.31 m^ 


(7.2) 


dAB(12.5) 


CgDg. 


^ Overlapping signals. 














Table 2. ^^C NMR (CDCI3) Chemical Shift 6 Values^ of Compounds 1, 3, 6-9, and 12-15 








carbon 
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6 7 
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9^ 12 


13 


14 


15 


C-1 


73.0 d 


67.9 d 


67.6 d 67.7 d 


67.5 d 


67.9 d 71.7 d 




70.7 d 


69.7 d*^ 


71.4 d 


C-2 


69.4 d 


69.0 d 


67.7 d 68.6 d 


68.8 d 


72.2 d 71.6 d 


69.9 d 


68.9 d 


71.0 d 


C-3 


42.7 t 


77.0 d 


77.5 d 77.6 d 


75.6 d 


77.0 d 31.lt 


42.3 t 


42.4 t 


31.0 t 


C-4 


70.6 s 


70.4 s 


70.8 s 70.6 s 


69.9 s 


70.3 s 33.6 d 


69.6 s 


69.7 s^ 


33.3 d 


C-5 
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89.4 s 
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91 .3 s 
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C-6 
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C-7 
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48.4 d 48.4 d 


48.6 d 
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31.0 t 
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85.4 s 85.5 s 
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^ Data are based on DEPT, HMQC, and HMBC experiments. ^ CcDc. ^ Overlapping signals. 



repeated chromatography of the />hexane/Et20 (1:1) 
extract of the root bark of M chubutensis on silica gel 
and Sephadex LH-20 afforded the new compounds 14 
and 15 and two known compounds 16 and 17 (Figure 
1). 

Compound 1 has the molecular formula CssHssOg, as 
determined by HRMS. The IR spectrum showed absorp- 
tion bands for a hydroxy 1 group at 354 1 cm" ^ and esther 
groups at 1735 and 1708 cm-\ The MS and HRMS 
exhibited peaks consistent with losses of acetic acid [mlz 
502 [M - HOAc]+). benzoic acid (mlz 440 (M - 
PhC02H]+), and cinnamic acid {m/z AU [M - PhCH= 
CHC02H]+) units. This was confirmed by the NMR 
spectrum, which also indicated the presence of signals 
for one acetyl group at d 1.83 {3H. s), 12 protons in the 
aromatic region for one benzoyl and one cinnamoyl 
group at 6 6.46 (IH. d. J= 16.0 Hz), 7.29 (2H. m). 7.40 
{3H. m). 7.46 {2H. m), 7.56 {2H, m), and 7.78 (2H, m). 
which were confirmed by NMR. When 1 was treated 
with acetic anhydride in pyridine, compound 1 was 
unaltered, a fact that together with the presence of a 
singlet at d 2.86 in the ^H NMR spectrum, interchange- 
able with D2O, confirmed the presence of a tertiary 
hydroxyl group. The ring protons could be unequivocally 
assigned from its homonuclear COSY and chemical shift 
correlated spectral data. In its ^H NMR spectrum (Table 
1) were also observed an ABX2 system of two methine 



and one methylene protons with signals at<5 5.94 (IH, 
d. Jab = 10.5 Hz), 5.14 (IH. dt. Jab = 10.5 Hz, Jbx = 
4.8), and 2.07 (2H, m), assignable to protons H-1, H-2. 
and H-3, respectively. These data are only compatible 
with substitution at C- 1 and C-2 in this type of sesqui- 
terpene with a H-1 ax, H-2ax stereochemistry and 
another methine proton at d 4.79 (IH, d, J — 5.3 Hz) 
assigned to H-9. A tertiary methyl at d 1.39 binding to 
a quaternary carbon at 6 70.6 in the ^^C NMR spectrum 
(Table 2) and two angular methyls were also observed. 
AH these data indicate that compound 1 is a tetrasub- 
stituted dihydro-^-agarofuran sesquiterpene. The rela- 
tive stereochemistry of 1 was established on the basis 
of the coupling constants and confirmed by a ROESY 
experiment (Figure 2), showing nuclear Overhauser 
effects among H-1 4, H-2, and H-15 and between H-15 
and H-9. The chemicals shifts for the carbons attached 
to protons were assigned according to a 2D hetero- 
nuclear COSY and the already known proton shift. 
Because the quaternary carbons could not be assigned 
by this method, the locations of the hydroxy and ester 
functions were determined by an HMBC experiment 
(Table 3), showing a three-bond correlation between the 
carboxyl signal of the acetate group at 6 170.4 with the 
^H signal at 5.14 (H-2); the carboxyl signal of the 
cinnamate group at 6 166.1 was correlated with the *H 
signal at <5 4.79 (H-9), and finally the carboxyl signal of 
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Figure 2. NOE (solid line) and CD exciton couplings (dashed 
line) for compound 1. 

the benzoate group at (5 165.3 was correlated with the 
*H signal at <5 5.94 (H-1). The absolute configuration of 
compound 1 was determined from its CD spectrum. 

Compound 3 was isolated as a colorless lacquer with 
the molecular formula C41H43NO12 (HRMS). The and 
^^C NMR data of 3 (Tables 1 and 2) indicate it to be 
l,2,3,4.9-pentasubstituted-y9-dihydroagarofuran sesqui- 
terpene with one tertiary hydroxyl, one acetate, one 
benzoate, one cinnamate, and one nicotinate group. In 
its NMR spectrum an ABX system was also observed 
with signals at 6 6.43 (IH, d, Jab =11.2 Hz). 5.52 (IH. 
d, Jbx = 2.9 Hz), and 5.41 (IH. dd. Jab = 11.2 Hz. Jbx 
= 2.9 Hz), assignable to protons H-1, H-3, and H-2 
respectively, and a signal at (5 4.89 (IH. d. y= 5.0 Hz), 
assigned to the proton H-9. The relative stereochemistry 
was determined on the basis of the coupling constants 
and the nuclear Overhauser effects (NOE) from the 
ROESY spectrum. The regiosubstitution was estab- 
lished by HMBC experiment (Table 3) in a way simUar 
to that for 1, which allowed placement of the cinnamate, 
acetate, nicotinate, and benzoate groups at C-1, C-2. C-3, 
and C-9, respectively. The absolute stereochemistry was 
assigned by means of CD studies. 

The structure and absolute configuration of com- 
pounds 6—9 were elucidated by spectral methods in a 
study of their IR, UV, and ^H and ^^C NMR data (Tables 
1 and 2), and 2D experiments showed that the com- 
pounds were pentasubstituted 4^-hydroxy-dihydro-/?- 
agarofuran sesquiterpenes, which were located at po- 
sitions 1. 2. 3, 6, and 9 for 6 and 7 and at positions 1.2, 
3, 8. and 9 for 8 and 9. An HMBC experiment (Table 3) 
established the regiosubstitution partners; the relative 



Table 4. Circular Dichroism Data of Compounds 1, 3, 6-9, 12, 
and 13 (MeCN) 



compd 


Aext, nm (Ae) 


Aext. nm (Ae) 


Ae = 0 


1 


227.8 (-18.1) 


270.7 (+20.3) 


242.6 


3 


225.9 (-14.1) 


262.6 (+4.3) 


243.3 


6 


226.2 (-9.6) 


277.5 (+1.6) 


248.7 


7 


225.2 (-6.5) 


238.9 (+3.9) 


233.4 


8 




236.2 (+12.1) 




9 


225.2 (-12.1) 


237.5 (+8.2) 


232.0 


12 


221.1 (-0.6) 


238.7 (+7.1) 


224.8 


13 


221.5 (-6.3) 


236.9 (+25.7) 


226.0 



Stereochemistry was resolved by analysis of coupling 
constants and confirmed by ROESY experiments, and 
finally the absolute configuration was established by 
analysis of their CD data. 

The structures of compounds 12—14 were elucidated 
by spectral methods, including HREIMS, IR, UV, and 
^H and ^^C NMR spectroscopy, and by 2D ^H-^H and 
^H-^^C experiments (Tables 1-3). On the other hand, 
the spectroscopic data of compound 1 5 and a comparison 
with those of 14 allowed us to determine its structure, 
while CD studies allowed the absolute stereochemistry 
of compounds 12 and 13 to be established. 

The absolute configurations were resolved by the 
dibenzoate chirality method, an extension of the circular 
dichroism exciton chirality method. The dihedral 
angle between the different chromophores (benzoate. 
and/or cinnamate. and/or nicotinate) were calculated 
from J values and molecular mechanics calculations 
using the PC model.^^ Heterochromophoric 1, 3. 6—9, 
and 12 and homochromophoric 13 compounds were 
therefore considered suitable for a CD study, showing 
a Davydof-type split curve (Table 4). while compounds 
14 and 15, which had three chromophores located at 
C-2 (ONic). C-6 (OBz), and C-9 (OBz), were not suitable 
for CD because the opposite 2,6 and 2,9 pairwise 
interactions canceled each other and the 6,9 pairwise 
interaction was almost coplanar.^^ 

The dihedral angle between the two chromophores 
(benzoate and cinnamate) was approximately 150" for 
1; its CD spectrum showed a strong split curve (Figure 
1 and Table 4) with extremes at the right-hand-band 
wavelength, i.e., the first Cotton effect at 270.7 nm (Ae 
= +20.3) and the second at 227.8 nm (Ae = -18.1). 
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Table 5. Effect of Sesquiterpenes on Cytotoxicity of DNM in a MDR L. Tropica Line 

growth! inhiibition^ (%) 



30 //M 15 /^M 7.5 //M 



compd 


wild-type 


DNM-R150 


wild- type 


DNM-R150 


wild-type 


DNM-R150 


-1 
1 


/.on: / .0 


cl4 .>> o.%j 


7 O 4. Q Q 


Q9 ft 4- R 


U.U X U.U 


ftft 9 4- R 7 
oo.^ X O. / 








4.1 X 3.0 


oy./ X /.J 


U.O X /.4 




3 


7.5 i 7.3 


94.7 ±2.2 


3.7 ± 4.7 


90.3 ± 7.2 


2.5 ± 3.5 


82.0 ± 1.7 


6 


1.9 ±2.0 


45.0 ± 10.0 


1.5 ± 2.1 


13.5 ± 3.5 


1.5 ±2.1 


7.3 ± 4.4 


7 


3.7 db 2.9 


69.5 ± 0.7 


0.7 ± 0.9 


30.7 ± 1.1 


2.2 ±3.1 


10.0 ± 4.3 


8 


11.0 ± 7.6 


89.0 ± 0.0 


6.0 ± 2.8 


54.0 ±6.5 


0.5 ± 0.7 


23.9 ± 5.7 


9 


19.7 ±4.1 


69.7 ± 10.1 


12.9 ± 5.4 


44.0 ± 15.6 


0.0 ± 0.0 


21.4 ±9.4 


10 


20.5 ± 7.2 


93.0 ± 1.4 


15.8 ± 6.8 


79.0 ± 8.5 


0.5 ± 0.7 


48.7 ± 9.0 


11 


23.0 ± 2.0 


90.0 ± 4.2 


14.4 ± 20.4 


65.0 ±6.4 


1.7 ±2.3 


39.0 ± 8.4 


12 


13.3 ± 13.0 


94.5 ±2.1 


13.0 ± 2.8 


79.3 ± 10.7 


1.7 ± 1.0 


42.2 ±9.8 


13 


16.2 ± 1.9 


92.0 ± 2.8 


19.7 ± 6.6 


82.2 ± 12.1 


9.7 ± 2.3 


60.3 ± 10.2 


14 


45.0 ± 10.0 


94.8 ± 3.6 


25.8 ± 1.7 


91.3 ±7.0 


8.2 ± 8.2 


80.7 ± 9.0 


15 


35.0 ± 10.0 


93.7 ± 3.5 


27.5 ±7.7 


87.9 ± 9.9 


11.5 ±0.7 


83.7 ± 6.1 


16 


11.7 ±3.7 


77.5 ± 11.3 


3.5 ± 4.9 


54.0 ± 14.5 


0.0 ± 0.0 


32.0 ± 11.6 



'''Wild-type and MDR (DNM-R150) parasites were exposed to 30, 15, and 7.5 //M different sesquiterpenes in the absence and presence 
of 150 //M DNM, respectively. The results are expressed as a percentage of growth inhibition relative to control growth in the absence of 
sesquiterpene. The data shown are the average of three independent experiments ± SD. 



defining the absolute configuration of 1 as (l/?,2/?,4S,5/?, 
7 5, 95, 1 0/^ -2-acetoxy- 1 -benzoyloxy-9-cinnamoyloxy-4 - 
hydroxydihydro-^-agarofuran . 

Compounds 3. 6, 7, and 9 had three chromophore 
groups located at C-1, C-3. and C-9. An analysis of the 
dihedral angle showed that the opposite 1,3 and 1,9 
pairwise interactions added to each other but did not 
cancel because of the different intensities of the different 
chromophores. On the other hand, the 3,9 pairwise 
interaction was almost coplanar.^^ Furthermore, com- 
pounds 3 and 6 showed a split curve very similar to that 
of 1 (Table 4), with a first positive and second negative 
Cotton effect around 270 and 226 nm, respectively, the 
weak value of Ac for 3 and 6 with respect to 1 being 
due to the presence of an additional chromophore on 
C-3. These data allowed us to determine their absolute 
configurations of compounds 3 and 6. On the other hand, 
an analysis of the CD spectra of compounds 7 and 9, 
showing a Davydof-type split curve (Table 4), led to the 
assignment of their absolute configurations. 

Compoimds 8 and 9 have the same molecular formula, 
the main differences being the regiosubstitution pat- 
terns. Compound 8 had a nicotinate unit at C-1 and two 
benzoate units at C-8 and C-9: its CD spectra (Table 4) 
showed a first Cotton efi*ect at 236.3 nm (Ae = +12.1), 
but we could not observe the second Cotton effect, 
because of the opposite pairwise interactions between 
the three chromophores together with the strong posi- 
tive absorption overlaying background elliptidty,^ which 
destroyed the second component of the split curve. The 
absolute configuration of 8 was established as (l/?,25,35, 
45,5/?,7S,8S,9/?,10/^-2,3-diacetoxy-8.9-dibenzoyloxy-l- 
nicotinoiloxy-4-hydroxydihydro-/?-agarofuran. 

The CD spectra of 12 and 13 (Table 4) showed spHt 
curves with a first positive and a second negative Cotton 
effect due to the couplings of the C-9y? with C-1 a and 
C-1 a with C-2a. supporting the absolute configuration 
as that ascribed to both compounds. 

The new compounds have the basic poly hydroxy 
skeletons of 3,6-dideoxymagellanol (1),^^ 6-deoxymageI- 
lanol (3), magellanol (6 and 1)?^ isomagellanol (8 and 
9), 23 2a-hydroxy-8-ep>celapanol (12) ,29 2a.4y9-dihydroxy- 
8-ep7-celapanol (13), 3-deoxymaytoI (14), and 3.4- 
dideoxymaytol (15).^^ 



Agarofuran sesquiterpenes are new promising MDR 
modulators in eukaryotic organisms. The reversal 
effects of 15 dihydro-y?-agarofuran sesquiterpenes in a 
MDR L. tropica (L. tropica) line grown in the presence 
of daunomycin (DNM) were studied by using an MTT- 
based assay. Their intrinsic parasite cytotoxicity was 
determined by using the same concentration of modula- 
tors in the parental wild-type parasites. Table 5 shows 
that after 72 h of incubation of MDR parasites in the 
presence of 150 jwM DNM with increasing amounts of 
sesquiterpenes, a concentration-dependent growth in- 
hibition (GI) was observed compared with control cells, 
grown with the same DNM concentration but in the 
absence of modulator. The chemosensitization to 1 50 /^M 
DNM was very efficient for most of the sesquiterpenes 
tested, but the effective concentration varied between 
each one. In this form, 7.5 /iM of 1—3, 14, and 15 
produce more than 80% GI, requiring a double concen- 
tration (15 //M) of 10, 12, and 13 and around a 4-fold 
concentration (30 /<M) of 8, 11, and 16 to obtain similar 
reversal effects. This effect is not due to an intrinsic 
cytotoxicity of sesquiterpenes, as deduced for the low 
growth inhibition produced by these compounds in the 
parental wild-type line (Table 5) , except for compounds 
14 and 15 that at 30 //M produce 45% and 35% GI in 
the wild -type line, respectively. 

DNM resistance in the MDR L. tropica line is related 
to a decreased intracellular drug accumulation mainly 
due to the Pgp-like transporter overexpression.^^ To 
analyze if the reversal effect observed by some sesqui- 
terpenes correlated with an increased drug accumiila- 
tion, as a consequence of the Pgp inhibition, we studied 
by laser flow cytometry their effect on calcein (CAL) 
accumulation. Calcein acetoxymethyl ester (Cal-AM) is 
a highly lipophilic, nonfluorescent, mammalian Pgp 
substrate that rapidly penetrates the plasma membrane 
of cells. By cleavage of the ester bonds, intracellular 
esterases transform the dye into a hydrophilic and 
intensively fluorescent free acid form (Cal) that cannot 
be transported by Pgp. This property makes Cal-AM an 
excellent compound for studying the modulation of 
mammalian Pgp function,^^ and it has also been recently 
used to study ABC-like transporter activities in different 
Leishmania lines. Flow cytometry analysis of intra- 



Chemosensitization of L. tropica 
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Figure 3. Differential modulation by sesquiterpenes of CAL 
accumulation in a resistant L. tropica line. Fluorescence 
intensity histograms were obtained by flow cytometry after 
incubation for 1 h at 28 X with 2 //M CAL-AM in the presence 
or absence of 5 juM sesquiterpenes. A total of 10 000 cells were 
counted for each histogram. Experiments were repeated three 
times and gave essentially the same profiles as the ones shown 
here. (A) Profiles 1 and 2 correspond to fluorescence histograms 
of resistant and wild-type parasites, respectively, incubated 
in the absence of sesquiterpenes. Profiles 3 and 4 correspond 
to fluorescence histograms of resistant parasites incubated in 
the presence of 5 /tM sesquiterpenes 7 and 1, respectively. (B) 
Wild- type (white bar) and resistant (black bar) parasites 
incubated with 2 pM. CAL-AM are used as control of CAL 
accumulation. Resistant parasites (gray bars) are incubated 
with 2 /iM CAL-AM in the presence of 5 yM of different 
sesquiterpenes (7, 16, 11, 3, 15, and 1). 

cellular Gal accumulation (Figure 3A) demonstrated 
that, as expected, the resistant line accumulated a 
significantly lov^^er amount of dye (Profile 1), expressed 
as the mean fluorescence channel [m = 324), than the 
wild-type line {m ~ 550) (profile 2). Co-incubation of the 
resistant parasites with 5 /^M of the most active ses- 
quiterpene 1 resulted in a significant shift of the peak 
of fluorescence distribution to the right, almost to the 
control level (/t? = 514) (profile 4). This reversal effect 
was a consequence of an increased CAL accumulation 
probably due to Pgp-like transporter inhibition. The 
same concentration of a sesquiterpene that gave a 
moderate reversal effect, 7, only produced a slight 
increase in the intracellular dye \m — 376) (profile 3). 
Indeed, Figure SB shows that different sesquiterpenes 
with distinct reversal efficiencies restored the dye 
accumulation in the MDR Leishmania line with an 
order of efficiency similar to that obtained with the 
DNM chemosensitization experiments: 1 > 15 > 3 > 
11 > 16 > 7, with no significant effects in the wild-type 



line (not shown). These results indicate that the mea- 
surement of CAL accumulation may be used to test the 
reversal effects of possible modulators of the Pgp- 
mediated MDR phenotype in Leishmania. 

Preliminary structure— activity relationships from 
these natural sesquiterpenes revealed the following 
trends. The substituent at the C-6 position proved to 
be essential for the reversal activity because the pres- 
ence of protons at C-6 produces a 10-fold higher 
chemosensitization with respect to the presence in the 
same position of an ester group (3 versus 6). On the 
other hand, the substituent at C-8 proved to be signifi- 
cant for the potency of the activity, 3 being 2- and 4-fold 
more active than 11 and 8, respectively. In addition, the 
substituent at C-3 exhibited a slight decrease in the 
activity (1 versus 3), and the substituent at C-1 also 
modified the activity, being that 10 is 2-fold more active 
than 8. Finally, the often tertiary hydroxy group at C-4/? 
does not seem to be important for optimal reversal 
activity because its presence or absence does not produce 
significant modification of the activity (14 versus 15). 
These and previous results^ ^ suggest that the size of the 
substituent could strongly affect the reversal activity 
of the compound; the presence of additional ester groups 
on the basic polyhydroxy skeletons has probably made 
the compounds too bulky to bind at the active site, being 
detrimental to the reversal activity associated with 
these sesquiterpenes. 

Dihydro-^-agarofuran sesquiterpenes have proven to 
be a very interesting class of natural products with a 
high reversal effect of the MDR phenotype mediated by 
Pgp-like transporters. Further efforts to elucidate the 
specific target of these compounds in the Pgp-like 
transporter, as well as to determine if they are trans- 
ported, are underway for a better knowledge of their 
mechanism of action. 

Experimental Section 

General Experimental Procedures. Optical rotations 
were measured on a Perkin-Elmer 24 1 automatic polarimeter, 
and the [aol are given in 10"* deg cm^ g"^ IR (film) spectra 
were recorded on a Bruker IPS 55 spectrophotometer, and UV 
spectra were collected in absolute EtOH on a JASCO V-560. 

and ^^C NMR spectra were recorded on a Bruker AMX- 
500, a Bruker Avance 400, or a Bruker Avance 300 spectrom- 
eter. EIMS and HREIMS were recorded on a Micromass 
Autospec spectrometer. Purification was performed using silica 
gel (particle size 40—63 //M, Merck and HPTLC-Platten-Sil 
20 UV254, Panreac), and Sephadex LH-20 (Pharmacia) and was 
monitored by TLC 1500/LS 25 Schleicher and Schiiell foils.- 
Compounds used for CD were purified by HPLC using a 
semipreparative^-porasil column column (Waters, 10 /fM, 19 
mm X 25 cm) and were eluted with a mixture of /?-hexane/ 
EtOAc (1:1). 

Plant Material, Extraction, and Isolation. M, magel- 
lanica was collected in December 1 993 in the Novena Region 
in the Temuca province on the slopes of the Osomo volcano in 
Chile and was identified by Prof. Sebastian Teyller, and a 
voucher specimen is on file at the Facultad de Ciencias (93- 
5342-A), Universidad de Chile, Santiago. The root bark of the 
plant (390 g) was extracted with /7-hexane/Et20 (1:1) in a 
Soxhlet apparatus. The extract (7.8 g) was chroma tographed 
on Sephadex LH-20 (/>hexane/CHCl3/Me0H, 2:1:1) to afford 
55 fractions. Fractions 28—40 after chromatography over silica 
gel (/7-hexane/AcOEt of increasing polarity), Sephadex LH-20 
{/7-hexane-CHCl3-MeOH, 2:1:1), and preparative HPTLC 
(HPTLC-Platten-Sil 20 UV254) gave rise to tlie new compounds 
1 (9.3 mg), 3 (10.7 mg), 6 (3.1 mg), 7 (1.9 mg), 8 (12.3 mg), 9 
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(20.6 mg), 12 (1.9 mg), 13 (6 mg), and 14 (2.2 mg) and the 
known compounds 2, 4, 5, 10, and 11. 

M chubutensis was collected in December 1994 in thfe 
Septima Regidn in the Talca province, Chile, and was identi- 
fied by Prof. Jose San Martin, and a voucher specimen is 
lodged with the Facultad de Ciencias (93-5200), Universidad 
de Chile, Santiago. Air-dried, chopped root bark of the plant 
(390 g) was extracted with />hexane/Et20 (1:1) in a Soxhlet 
apparatus. The extract (7.8 g) was chromatographed on silica 
gel using gradients of /?-hexane/AcOEt as eluent to afford 180 
fractions. Fractions 144-160 (900 mg) after chromatography 
over Sephadex LH-20 (/>hexane/CHCl3/MeOH, 2:1:1) and 
preparative HPTLC (HPTLC-Platten-Sil 20 UV254) gave rise 
to the new compounds 14 (12 mg) and 15 (6 mg) and the known 
compounds 16 and 17. 

(l/?,2i?.45,5i?J5,95,1072)-2-Acetoxy-l-benzoyloxy-9-cin- 
namoyloxy-4-hydroxydihydro-y5-agarofuran (1). Colorless 
lacquer; [aJ^S +14.8- (c 0.93, CHCI3); UV An^ (EtOH) 275, 
223, 218 nm; IRynmx (film) 3541, 2956, 2922, 1735, 1708, 1638, 

1450, 1271, 1166, 756, 712 cm-^; NMR (CDCI3) 6 1.33 (3H, 
s), 1.39 (3H, s), 1.45 (3H, s), 1.83 (3H, s), 2.86 (IH, s), 6.46 
(IH, d, -/= 16.0 Hz), 7.29 (2H, m), 7.40 (3H, m), 7.46 (2H, m), 
7.56 (2H, m), 7.78 (2H, m), for other signals, see Table 1; ^^C 
NMR (CDCI3) d 20.9 (q), 118.7 (d), 128.2 (4 x d), 128.7 (2 x 
d), 129.3 (2 X d), 130.1 (s, d), 132.8 (d), 134.7 (s),' 144.6 (d), 
165.3 (s), 166.1 (s), 170.4 (s), for other signals, see Table 2; 
MS (EI) mlz{%) 562 (M+, 10), 547 (2), 502 (1), 440 (1), 414 (3), 
399 (15), 372 (4), 339 (3), 249 (6), 232 (5), 217 (4), 203 (3), 188 
(7), 147 (6), 131 (88), 105 (100), 77 (25). 57 (2). HRMS (EI) 
/72/z Calcd for C33H38O3: 562.256 67. Found: 562.259 03. 

(li?,25,3S,45,5/?,7i?,95,10/?)-2-Acetoxy-9-benzoyloxy-l- 
cinnamoyloxy-3-nicotinoyloxy-4-hydroxydihydro-)S-aga- 
rofuran (3). Colorless lacquer; [al^o +33.2° (c 1.07, CHCI3); 
UV An,ax (EtOH) 272, 223 nm; IR y^ax (film) 3532, 2966, 2932, 
1732, 1282, 1263, 1026, 755, 710 cm'\ ^H NMR (CDCI3) d 1.34 
(3H,s), 1.53 (3H. s), 1.61 (3H, s), 1.77 (3H, s), 3.41 (IH, s), 6.40 
(IH, d, J= 16.0 Hz), 7.28 (4H, m), 7.38 (2H, m). 7.49 (4H, m), 
7.98 (2H, m), 8.56 (IH, d, 7 = 8.0 Hz), 8.90 (IH, d, J = 3.3 
Hz), 8.60 (IH, s), for other signals, see Table 1; ^^C NMR 
(CDCI3) d 20.6 (q), 118.0 (d), 123.4 (d), 126.2 (s). 128.7 (4 x d), 
129.1 (2 X d), 129.2 (s), 129.5 (2 x d), 130.3 (d), 132.9 (d), 134.5 
(s), 137.5 (d), 145.1 (d), 151.5 (d), 153.5 (d), 164.4 (s), 164.8 
(s), 166.0 (s), 170.4 (s), for other signals, see Table 2; MS (EI) 
mlz{%) 683 (M+, 4), 668 (11), 642 (4), 573 (3), 538 (11), 520 
(5), 202 (2), 149 (21), 131 (40), 105 (100), 97 (13), 77 (17). HRMS 
(EI) /73/zCalcdforC39H4iNOio: 683.273 05. Found: 683.273 24. 

(l/?,25,35,45,55,6/?,7i?,95,10i?)-2,6-Diacetoxy-l-benz- 
oyloxy-9-cinnamoyloxy-3-nicotinoyloxy-4-hydroxydihydro- 
/?-agarofuran (6). Colorless lacquer; [aj^^o +9.7" (c 0.31, 
CHCI3); LA/ An,ax (EtOH) 271, 223 nm; IKy^^ (film) 3531, 2924, 
2854, 1735, 1459, 1236, 1107, 1026, 711 cm'^; ^HNMR (CDCI3) 
6 1.52 (3H,s), 1.57 (3H, s), 1.62 (3H, s), 1.75 (3H,s), 2.11 (3H, 
s), 3.56 (IH, s), 6.35 (IH, d, J= 16.0 Hz), 7.25 {2H, m), 7.46 
(5H, m), 7.50 (3H, m), 7.69 (2H, m), 8.53 (IH, d, J= 7.9 Hz), 
8.88 (IH, d, J = 3.9 Hz), 9.58 (IH, s), for other signals, see 
Table 1; »^C NMR (CDCI3) d 21.5 (q), 22.7 (q), 117.9 (d), 123.5 
(d), 126.2 (s), 128.3 (4 x d), 128.8 (2 x d), 129.3 (2 x d), 129.6 
(s), 130.3 (d), 133.1 (d), 134.4 (s). 137.6 (d), 145.6 (d), 151.6 
(d), 153.7 (d), 164.5 (s), 164.9 (s), 165.8 (s), 170.3 (s), 170.4 (s), 
for other signals, see Table 2; MS (EI) miz (%) 741 (M+, 12), 
700 (15), 610 (4), 596 (24), 578 (7), 326 (6), 131 (100), 124 (16), 
105 (29), 97 (26), 71 (28), 57 (36). HRMS (EI) miz CdAcd for 
C4iH43NOt2: 741.285 23. Found: 741.282 47. 

{li?,25,35.45.55,6/2;7/^95,10/g-2.6-Diacetoxy-l,9-diben2- 
oyIoxy-3-nicotinoyloxy-4-hydroxydihydro-)8-agarofu- 
ran (7). Colorless lacquer; [al^^o -5.3'* (c0.19, CHCI3); UV 
Anu« (EtOH) 264, 225 nm; IRynu« (film) 3350, 2955, 2856, 1736, 

1451, 1368, 1284, 1236, 1111, 709 cm"*; ^H NMR (CDCI3) d 
1.53 (3H, s), 1.62 (3H, s), L65 (3H, s), 1.71 (3H, s), 2.12 (3H, 
s), 3.66 (IH. s), 7.28 (3H, m), 7.44 (3H, m), 7.52 (3H, m), 7.99 
(2H, m), 8.58 (IH, d, J= 7.8 Hz), 8.92 (IH, A, J = 3.9 Hz), 
9.66 (IH, s), for other signals, see Table 1; i^c NMR (CDCI3) 
6 21.4 (q), 22.6 (q), 123.4 (d), 126.1 (s), 128.0 (2 x d), 128.2 (2 
x d), 129.1 (2 X d), 129.3 (s), 129.4 (s), 130.1 (2 x d), 132.9 



(d), 133.1 (d), 137.4 (d), 151.5 (d), 153.7 (d), 163.5 (s), 164.4 
(s), 164.5 (s), 169.5 (s), 170.2 (s), for other signals, see Table 
2; MS (EI) mIz (%) 715 (M+, 8), 700 (16), 594 (3),' 578 (7), 536 
(4), 139 (6), 124 (13), 105 (100), 91 (20), 71 (24), 57 (39). HRMS 
(EI) /72/zCalcd for C39H41NO12: 715.262 88. Found: 715.264 65. 

(li?,25,35,45,5/?,75.85,9/e,10ii)-2,3-Diacetoxy-8,9-diben2- 
oyloxy-l-nicoUnoiloxy-4-hydroxydihydro-)5-agarofu- 
ran (8). Colorless lacquer; [aj^S +27.6° (c 1.23, CHCI3); UV 
Anu« (EtOH) 264, 226 nm; IKy^^ (film) 3528, 2969, 1733, 1591, 
1451, 1277, 1116, 1067, 1026, 755,709 cm-'; »HNMR (CDCI3) 
(5 1.39 (3H, s), 1.52 (3H, s), 1.73 (3H, s), 1.75 (3H, s), 2.32 (3H, 
s), 3.42 (IH, s), 7.28 (3H, m), 7.45 (3H, m), 7.58 (3H, m). 7.96 
(3H, m), 8.67 (IH, d, J= 4.4 Hz), 8.89 (IH, s), for other signals, 
see Table 1; NMR (CDCI3) 6 20.1 (q), 21.0 (q), 123.1 (d), 
125.4 (s), 128.0 (2 x d), 128.2 (2 x d), 129.2 (2 x d), 129.5 (s), 
129.7 (s), 130.3 (2 x d), 132.9 (d), 133.2 (d), 137.0 (d), 150.8 
(d), 153.5 (s), 164.0 (s), 164.7 (s), 165.7 (s), 170.3 (2 x s), for 
other signals, see Table 2; MS (EI) mtz (%) 715 (M+, 2), 700 
(30). 578 (24), 536 (3), 476 (2), 372 (1), 294 (2). 228 (3), 131 
(4), 124 (15), 105 (100), 77 (11). HRMS (EI) Calcd for 
C39H41NO12: 715.284 01. Found: 715.2832. 

(l/?,25',35,45,5/?,75,85,9/e,10ii)-2,8-Diacetoxy-3,9-dibenz- 
oyloxy-l-nicotinoyIoxy-4-hydroxydihydro-y9-agarofu- 
ran (9). Colorless lacquer; +12.8'* (c0.21, CHCI3); UV 

An^ (EtOH) 271, 226 nm; IR (film) 3535, 2960, 2928, 1734, 
1591, 1367, 1282, 1117, 1026, 754, 708 cm"!; ^H NMR (CoDo) 
6 1.04 (3H, s), 1.12 (3H, s), 1.45 (3H, s), 1.58 (3H, s), 1.75 (3H, 
s), 3.43 (IH, s), 6.99 (3H, m), 6.78 (2H, m), 7.33 (IH, m), 7.52 
(2H, m), 7.81 (2H, m), 8.40 (3H, m), 10.1 (IH, s), for other 
signals, see Table 1; ^^C NMR (CDCI3) d 20.0 (q), 20.8 (q), 123.5 
(d), 126.1 (s), 128.2 (2 x d), 128.3 (2 x d), 129.2 (2 x d), 129.4 
(s), 129.8 (s), 130.8 (2 x d), 133.0 (d), 133.1 (d), 135.7 (d), 151.5 
(d), 153.9 (d), 164.3 (s), 164.5 (s), 165.6 (s), 169.7 (s), 170.4 (s), 
for other signals, see Table 2; MS (EI) mIz (%) 715 (M"^, 1), 
700 (23), 578 (11), 536 (2), 354 (1), 294 (1), 231 (1), 189 (2), 
131 (4), 124 (9), 105 (100), 77 (12). HRMS (EI) /n/zCalcd for 
C39H41NO12: 715.262 88. Found: 715.264 08. 

(i;?,25,47?,55,6i2;7/?;85,9J^105>6,8-Diacetoxy-l,9-dibenz- 
oyIoxy-2-nicotinoyloxydihydro-^-agarofuran (12). Color- 
less lacquer; [aJ^S +31.0^ (c0.19, CHCI3); UV An,ax (EtOH) 264, 
229 nm; IR y^ (film) 2924, 2860, 1728, 1272, 1220, 1125, 
1107, 711 cm-i; >H NMR (CDCI3) <5 1.30 (3H, d, J= 7.7 Hz), 
1.52 (3H, s), 1.64 (3H, s), 1.84 (3H, s), 2.16 (3H, s), 2.62 (IH, 
m), 7.25 (2H, m), 7.26 (2H, m), 7.37 (3H, m), 7.43 (2H, m), 
7.46 (2H, m), 7.82 (2H, m), 8.14 (IH, d, J= 8.1 Hz), 8.76 (IH, 
d, J= 3.9 Hz), 9.11 (IH, d; 7= 0.7 Hz), for other signals, see 
Table 1; '^C NMR (CDCI3) 6 20.9 (q), 21.2 (q), 123.4 (d), 126.0 
(s), 127.9 (2 X d), 128.0 (2 x d), 128.4 (s), 128.9 (s), 129.2 (2 x 
d), 130.0 (2 X d), 132.7 (d), 133.1 (d), 137.0 (d), 150.0 (d), 153.5 
(d), 164.9 (s), 165.1 (s), 165.3 (s), 169.2 (s), 169.6 (s), for other 
signals, see Table 2; MS (EI) mIz (%) 699 (M+, 3), 684 (12), 
657 (19), 536 (2), 520 (3), 124 (12), 105 (100), 77 (10). HRMS 
(EI) /72/zCalcdforC39H4iNOii: 699.267 96. Found: 699.270 32. 

(l/?,25,45,55,6i?,7ie,85,97?,105)-6,8-Diacetoxy-l,2,9. 
tribenzolyoxy-4-hydroxydihydro-^-agarofuran (13). Col- 
orless lacquer; [al^^o +9.7** (c0.31, CHCI3); UV (EtOH) 
274, 231 nm; IR/niax (film) 3545,2959, 2924, 1727, 1451, 1265, 
1110, 1027, 801, 756, 709 cm"^; 'H NMR (CDCI3) d 1.60 (3H, 
s), 1.61 (3H, s), 1.70 (3H, s), 1.84 (3H, s), 2.17 (3H, s), 2.98 
(IH, s), 7.19 (2H, m), 7.45 (7H, m), 7.54 (2H, m), 7.83 (2H, m), 
7.89 (2H, m), for other signals, see Table 1; NMR (CDCI3) 
6 20.6 (q), 21.5 (q), 127.9 (2 x d), 128.1 (2 x d), 128.6 (2 x d), 

129.0 (s), 129.3 (2 x d, s), 129.4 (2 x d), 129.8 (s), 130.1 (2 x 
d), 132.7 (d), 133.1 (d), 133.2 (d), 165.0 (s), 165,2 (s), 165.6 (s), 

169.1 (s), 169.9 (s), for other signals,.see Table 2; MS (EI) mIz 
(%) 592 (M+ - 122, 1), 532 (15), 472 (1), 419 (1), 335 (2), 246 
(2), 202 (22), 151 (1), 105 (100), 77 (9). HRMS (EI) /72/zCalcd 
for C33H3GO10: 592.230 85. Found: 592.228 79. 

la,15-Diacetoxy-6/?,9^-dibenzoyloxy-2a-nicotinoyloxy- 
4^-hydroxydihydro-/?-agarofuran (14). Colorless lacquer; 
|a]^S+15.4'' (cO.22, CHCI3); UVAn^ (EtOH) 273, 229 nm; IR 
yniax (film) 3555, 2955, 2925, 2854, 1747, 1718, 1591, 1452, 
1274, 1106, 1024. 758, 713 cm"*; ^H NMR (CDCI3) 6 1.57 (6H, 
s), 1.59 (3H, s), 1.62 (3H, s), 2.26 (4H, m). 2.71 (IH, m), 3.13 
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(IH, s), 7.47 (5H, m), 7.59 (2H, m), 8.07 (2H, m), 8.18 (2H, m), 
8.40 (IH, d, J= 7.9 Hz), 8.80 (IH, s), 9.30 (IH, s), for other 
signals, see Table 1; ^^c NMR: (CDCI3) d 20.3 (q), 21.2 (q), 

123.6 (d), 125.3 (s), 128.4 (2 x d), 128.6 (2 x d), 128.9 (s), 129.7 
(s), 130.1 (4 X d), 133.4 (d), 133.6 (d), 137.2 (d), 151.1 (d), 153.8 
(d), 164.4 (s), 165.2 (s), 166.2 (s), 169.2 (s), 170.8 (s), for other 
signals, see Table 2; MS (EI) miz (%) 715 (M+, 4), 700 (4), 595 
(2), 470 (19), 275 (5). 228 (9), 124 (14). 105 (100), 77 (10). HRMS 
(EI) y7yzCalcdforC39H4iNO,2: 715.262 88. Found: 715.255 19. 

la,15-Diacetoxy-6y9,9y5-dibenzoyloxy-2a-nicotinoyloxy- 
dihydro-^-agarofuran (15). Colorless lacquer; [a]^^D +70.0** 
[c 0.39, CHCI3); UV AniHx (EtOH) 264, 229 nm; IR (film) 
2954, 2924, 2850, 1747, 1720, 1590, 1451, 1272, 1106, 1025, 
757, 712 cm-i; »H NMR (CDCI3) d 0.87 (3H, d, J= 6.8 Hz), 
1.52 (6H, s), 1.53 (3H, s), 2.10 (3H, m), 2.34 (3H, s), 7.49 (5H, 
m), 7.60 (2H, m), 8.06 (4H, m), 8.41 (IH, d, 8.0 Hz), 8.79 
(IH, s), 9.29 (IH, s), for other signals, see Table 1; ^^C NMR 
(CDCI3) d 20.3 (q), 21.2 (q), 123.5 (d), 125.4 (s), 128.3 (2 x d), 

128.7 (2 X d), 129.0 (s), 129.5 (2 x d), 129.8 (s), 130.1 (2 x d), 
133.5 (d), 133.6 (d), 137.4 (d), 151.3 (d). 153.3 (d), 164.6 (s), 
165.3 (s), 165.6 (s), 169.3 (s), 170.9 (s), for other signals, see 
Table 2; MS (EI) mIz (%) 699 (M+, 22), 684 (14), 228 (5), 174 
(4), 124 (13), 105 (100), 77 (8). HRMS (EI) 772/zCalcdfor C39H41- 
NOn: 699.267 96. Found: 699.267 85. 

Biological Assays. 1. Parasite Culture. The wild-type L. 
tropica LRC strain was a clone obtained by agar plating.^^ An 
L. tropica line highly resistant to DNM (DNM-R150) was 
maintained in the presence of 150 /tM DNM and used as 
previously described.^'' This resistant line had an MDR 
phenotype similar to that of tumor cells, with a cross-resistance 
profile to several drugs and an overexpressed drug-efflux Pgp- 
like transporter.^'* Promastigote forms were grown at 28 ^'C 
in RPMI 1640-modified medium (Gibco)'^*^ and supplemented 
with 20% heat-inactivated fetal bovine serum (Gibco). 

2. DNM Chemosensitization Experiments. The viability 
of parasites in the presence of the different sesquiterpenes was 
analyzed by an MTT-based assay.''^'^^ The screening was 
performed in flat-bottomed 96-well plastic plates maintained 
at 28 "C. Promastigote forms from a logarithmic phase culture 
were suspended in fresh medium to yield 6 x lO** cells/mL. 
Each well was filled with 50 //L of the parasite suspension (3 
X 10^ cells). Stock solutions of sesquiterpenes dissolved in 
DMSO were diluted directly in the culture medium at suitable 
concentrations, and 50 //L was added to each well. The final 
DMSO content did not exceed 0.3%, which had no effect on 
parasite growth. To assess the chemosensitizing activity of 
sesquiterpenes, promastigotes of L. tropica MDR line were 
exposed to both DNM (150 fiWi) and sesquiterpenes. To 
determine the intrinsic toxicity of the sesquiterpenes, the wild- 
type L. tropica lines were exposed to the sesquiterpenes in the 
absence of DNM. After 72 h of incubation at 28 "C, the viability 
of promastigotes was determined by the colorimetric MTT 
assay. A total of 10 /iL of 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) (5 mg/mL in PBS) was 
added to each well, and plates were incubated for an additional 
period of 4 h. Water-insoluble formazan crystals were dissolved 
by adding 100 /iL of 20% SDS, and absorbance was read at 
540 nm using a microplate reader (Beckman Biomek 2000). 
Cell survival was determined by dividing the absorbance at a 
given sesquiterpene concentration by the absorbance of control 
cells. The results are expressed as percent growth inhibition 
(GI). 

3, Reversion of Calccin Accumulation in a MDR L. 
tropica Line Overexpressing a Pgp-like Transporter. 

The accumulation of CAL-AM fluorescent dye in wild-type and 
resistant Leistimania lines was estimated by flow cytometry 
using a Becton Dickinson FacScan, as described for mam- 
malian cells^^ and for Leisttmania spp.,^^ with some modifica- 
tions. Briefly, parasites were incubated with 2 ^M CAL-AM 
(Molecular Probes Europe BV, The Netherlands) for 1 h at 28 
X in HPMI/glucose buffer (10 mM HEPES, 120 mM NaCl, 5 
mM Na2HP04, 0.4 mM MgCb, 0.04 mM CaCl2, 10 mM 
NaHCOa, 10 mM glucose, 5 mM KCl, pH 7.4) in the presence 
or in the absence of different concentrations of sesquiterpenes. 
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Parasites were then extensively washed, resuspended in cold 
phosphate-buffered saline (PBS: 1.2 mM KH2PO4, 8.1 mM 
Na2HP04, 130 mM NaCl, 2.6 mM KCl adjusted to pH 7.4), 
and immediately analyzed. Cells were gated on the basis of 
size and complexity to eliminate dead cells and debris from 
the analysis. Quantification of intracellular fluorescence was 
carried out by scanning the emission between 515 and 545 nm 
(FL-1) using the Cell Quest software application. 
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of the "constant-time" variety (5, 75-75). Advantages of these modifications are dis- 
cussed below. ..- . 

The pulse schemes for the modified experiments are shown m Fig. 1. The third 
experiment, Cr-HN(CO)CA (Fig. Ic), differs from the original version (4) only by 
the use of a constant-time /, evolution period in the present experiment. This eliminates 
decay of magnetization that normally occurs during the U evolution penod and it 
permits the use of linear prediction with "mirror image constraint" (76) since the 
signal in the /, dimension is a sum of undamped cosinusoidal oscillations of known . 
phase (0°) A detailed description of the magnetization-transfer steps of the 
HN(CO)CA experiment was presented previously (4) and will not be repeated here. 
The new pulse schemes for the CT-HNCA and CT-HNCO experiments are more 
similar to those of the CT-HN(CO)CA experiment than to the original HNCA and 
HNCO sequences (2). The CT-HNCO and CT-HNCA schemes differ from one another 
only by the interchanged ''CO and '^Ca channels and a different choice of delay 
durations. Therefore, in the following discussion of the magnetization transfer during 
the pulse sequences we restrict ourselves to the CT-HNCA experiment. 

For the CT-HNCA experiment, the relevant magnetization-transfer steps are ouUined 
using the product-operator formaUsm. For clarity, relaxation terms are not included 
and constant multipUcative factors are omitted. Only terms that result in observable 
magnetization during the detection period, h, are retained. The spin operato.^ used 
are I for the amide proton, N for the amide '^N, S for the carbonyl '^C, and A, and 
A, for the intraresidue Ca and for the C« of the preceding residue, respectively. Jxy 
denotes the J coupling between spins X and Y and RF phases correspond to the first 
step of the phase cycle given in the legend to Fig. 1. 

Longitudinal amide proton magnetization (I.), present at the start of the experiment, 
is converted into antiphase '^N magnetization by an INEPT type transfer^Thus, at 
time a in Fig. la the spin system is described by = NyhsmH^J^y^r). Ewohxhon 
due to J coupling during the subsequent constant-time evolution penwi (o total 
duration 2T) is independent of the duration of i,, but '^N chemical-shift evolution 
depends on U in the regular manner. The constant time is set to an integral multiple 
of .1 //nh (22 ms in the present case), such that at time b the '^N magnetization has 
remained antiphase with respect to its attached proton spin. Ignonng the sinil^Jsnr) 
term present at time a, the magnetization at time b is described by 
(Tb = NJ,Ai,sm(2irJ^,uT)cos(2',rA,NT)cos{M 

+ NJ,A2zSin{2irJ;,,nT)cosi2TrJA,uT)cos{Qtiti), [1] 

where fiw denotes the angular offset frequency of the '^N spin. This niagnetization is 
transferred into antiphase Ca magnetization by the 90,°6 and 90,°, pulses, yielding at 
time c 

c, = AxyN,h + A2yNJ„ [2] 

where the trigonometric terms of expression [1] again have been omitted temporarily. 
At the end of the h evolution period, the terms that will be transferred back into 
observable magnetization are represented by 

cTd = A^yN,hcos{Q>,,t2) + A2yN,hcos{^^^h). [3] 
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Transfer of this magnetization back into observable amide proton magnetization fol- 
i^ws the reverse paLay of that described above. At the beginning of the detection 
period, the observable magnetization is descnbed by 
a, = sin^(2^W)cos(ONi.)/xlsin^(2,rA,N7')cos^(27r7A,Nr)cos(fiA,/2) 

+ sin2(2x7A,N7')cos2(27r7A,N7')cos(ftA,^2)], [4] 

where all relevant trigonometric terms have been ^^^"tro'luced. This expr^^^^^^^^ 
identical to that derived for the original HNCA experiment (eq. [4 in Ref (2))_ The 
Sence between the constant-time and the original experiment is found m the re- 
fafarn ter^r which have been neglected in the discussions of both expenmen s^ 
Bee use in the present experiment signal does not decay as U increases a substantial 
gain in sensitivity can be obtained. This again, G, is given approximately by 

^'^y£''^'exp(-/,/r2N)i/fi- 



where AT, is the duration of the h acquisition time and T^^ is the '^N T^ value in 
The" -coupled mode. For the present study of interferon-., T^. equa s aPPJoximat Y 
24 ms and yir, = 22 ms, yielding a gain, G, in signal-to-noise of 1.5 A further gain 
?n s?nk^vhy\an be obtained if the pulse schemes are modified to utilize composi e- 
DulseTdecoupling instead of 1 80° pulses, as indicated in Fig. 2. As shown previously 
n Tthe tmnsverse relaxation rate becomes approximately 30% slower in this case 

nci ?he '^N transverse magnetization remains in-phase with -P-^^-^^^^^^^^^^ 
•H This increase in the apparent T^n reduces the signal loss ^^^^jf ^ by N tran^^^^^^^^ 
rdaxation during the delays of total duration AT. Because of the hmited stability of 
nS It and'the small amount of available sample, we have been unable to test 
and compare the schemes of Fig. 2 with the results obtained with the schemes of Fig_ 
1 However when the experimental results obtained for the protein calmoduhn ( 16.7 
iD")re coCared, a gaL of a factor 1.2 is observed with the schemes of Fig. 2 over 
rihemes of Fig! 1 For interferon-., which has a much faster rate of 'H spin 
diffusion this gain is expected to be ~ 1.5. . • . ^ - ^ k,. 

In he present experiment, the signal decay in the dimension is determined by 
the 'ia trlnTverse taxation time, whereas in the original HNCA experiment it was 



FlO. Pu.se sequences of the (a) CT-HNCA, (b) ^^i^^^^ 
Narrow pu.sesco.esp^^^^^^^^^^ 

marked are apphed along ^^^f , Jj,^ and vice versa. Delay duration for the three pulse 

a null in the.r e—n P>;o_fi. a .h CO -d ^^^^^ ^ ^ ^ ^^^^ ^^^^ 

riS^fS;c;e'n^.'(T i tlle ^ pulse ^Mth ( 108 ms) for scheme (b); 3. = 7.25 ms; = 2 75 

x Tl f. + T ( 'H V f = 6 ms The phase cycling used is as follows. For scheme (a), </., - x, x, 
ms; 6„ = a, + ^_ 4 ; MvT4(-x) 4(-y); 03 = 16(x), 16{-x); = I6(y), \6(-y); = x, 

= y, -r, 03 - ^' 2{-x, X, X. -X, X, -X, -X, X). For schemes 
x,-x,-x;0, = y;Acq.-2{x, x, x,x, ^ ^ ^ ' 4, ). = x, x, -x, -x; 06 = 
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determined by the decay rate of three-spin (I, N, and A) coherence. In both j^^^^' 
hZ^er the resolution is limited by the fact that the Ca resonance is coupled to Cp 
IZT^Z^TZ^^^^ to resolve this / splitting. Therefore, the acquismon 
Jrne n heTdimension is kept shorter than 1 /(27caC.), about 10 ms m practice and 
Tdlfferen^el^^^^^^^ relaxation rates of transverse -Ca magnetization and three- 
spin coherence is of no practical consequence. . p. ,u :..„entiallv 

The constant-time version of the HNCO experiment shown »° j^' '"f;"^^^^^^^^ . 
the same as the CT-HNCA scheme of Fig. la. Note, however, that a slightly longer 
onsTrtime acquisition period can be used in this experiment ^eca- - c^.^ 
0 the HNCA case, dephases only under the influence f -^f^^^^^^^^^f^^,^ 
soin The time 2T is now set to an odd multiple of 1 /(27nh (27 ms in our case) 
such that the magnetization is in-phase with respect to the amide proton spm (N,S.) 
whenl^^^s tranS^^ to the spin. This is important because for acquisition t^im 
rorter han -50 ms (i.e., before significant antiphase magnetization develops this 
enSe- the apparent relaxation time of the -CO spin ( which only has small long^ 
Se ' coupling to other protons). If the -CO -^^f-'^^'^^^^Z'TTu t 
respect to the amide proton spin its decay rate would increase by the rate of H- H 
Tp Xs The comparable «.heme of Fig. 2b provides the same -t^^^^^ec^^^^^^^ 
he t. dimension as the scheme of Fig. lb, but is expected to yield superior CO 
eso ul^n fZuisiti^^ times much longer than 50 ms are used in the dimension^ 
n aSon. magnetization loss caused by -N relaxation during the intervals 27 and 
5" andris reduced in the scheme of Fig. 2b for reasons mentioned above. Note that 
n tSe ori^nal HNCO experiment (2), the -CO frequency was obtained from an 
HMQcTpe correlation with -N, and in that case, dephasing m the dimension 
rausedbv'/r N and Vc„N limits the obtainable resolution. 

Thf pulse schemes shTwn in Fig. 1 are demonstrated for the protem -^rfe-n-. 
« hor^odimer with 134 residues per monomer and a total molecular weight of 31.4 
k^aTheTo^erwa^ abeled uniformly with -C (>95%) and -N (-50%) and punfied 
^cor^ngTo the procedure described by Doebeli et al. U8Y Expenments were con- 
ducted on a sample containing 0.7 mMdimer in 95%/5% H.O/DA pH 6.3. 27 C, 
usine an unmodified Bruker AMX-600 spectrometer. 

pLre 3^^s three cross sections of the three different types of 3D spectra All 
are Sen pen^ndicular to the -N axis at a -N frequency of 1 19 ppm. The position 
of tit slSthe .H--N shift correlation spectrum is indicated by a dotted hne 



F,r 2 Alternative versions of the pulse schemes shown in Fig. 1, using composite-pulse decoupling to 
Fig . 2. Alternative veraoiib u. v . to 1 /( 27nh ): the phase cychng and all 

fhJ d7i4i d"::Xt : :;nchronous mode, i.e., to start the decoupling at the same pos.fon 
during the decoupling cycle each lime it is used. 
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F[G. 3. Spectra obtained for a sample of interferon-7 (8.8 mg in 0.4 ml H2O/D2O), labeled uniformly 
with '^C{>95%) and '^N (50%). (A) Small region of the resolution-enhanced 2D Overbodenhausen (HSQC) 
spectrum. The dotted line marks the position where the slices through the 3D spectra are taken. (B) Z', = 
1 19 ppm slice of the CT-HNCO spectrum, recorded with the pulse sequence of Fig. lb. (C) = 1 19 ppm 
slice of the CT-HNCA spectrum, recorded with the pulse sequence of Fig. la, (Df/^i = 1 19 ppm slice of 
the CT-HN(CO)CA spectrum, recorded with the pulse sequence of Fig. Ic. All 3D spectra have been 
processed using Unear prediction with mirror image constraint in the Fx dimension. The CT-HNCA spectrum 
results from a (32 complex) X (48 complex) X ( 5 1 2 complex ) data matrix with 256 scans per hypercomplex 
(0, ti) increment, and acquisition times of 22.4, 10.0, and 55.3 ms in the /2, and h dimension, respectively. 
The CT-HNCO spectrum results from a (32 complex) X (64 complex) X (512 complex) data matrix with 
64 scans per hypercomplex (/| , ^2) increment, and acquisition times of 24.0, 34.5, and 55.3 ms in the txJi, 
and h dimension, respectively. The CT-HN(CO)CA spectrum results from a (32 complex) X (46 complex) 
X (5 12 complex) data matrix with 128 scans per hypercomplex {tuti) increment, and acquisition times of 
19.85 9.6, and 55.3 ms in the ^2, and t-^ dimension, respectively, 

in the 2D 'H-'^N correlation spectrum of Fig. 3A. Because the Hnewidth in the F, 
C^N) dimension of the 3D spectrum is approximately double the Hnewidth in 
the 2D spectrum, resonances in Fig. 3A that are close to the dotted line, with their 
'^N chemical shift differing by less than 0.2 ppm from 1 19.0 ppm, also give rise to 
resonances in the (/^, = 119 ppm) slice shown for each of the 3D spectra. 
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The HNCO spectrum of which the = 1 19 ppm slice is shown in Fig. 3B clearly 
has the highest signal-to-noise ratio of the three 3D spectra. This was expected since 
the ' 'N- ' ^CO coupUng is larger than the '^N- ' ^Ca J coupling, making transfer more 
efficient than in the HNCA experiment. Note that resonance intensity in the HNCA 
spectrum (Fig 3C) is also lowered because the '^N- '^Ca transfer is attenuated by the 
presence of the additional passive '^N-'^Ca 7 coupling (of Eq. [4]). Nevertheless, 
in the HNCA spectrum of Fig. 3C both intra- and interresidue HN-N-Ca correlations 
are observed for the majority of the amides. The interresidue connectivities in Fig. 
3C are distinguished from the intraresidue ones by comparison with the HN(CO)CA 
spectrum of Fig. 3D. A recent low-resolution X-ray study (19) indicates that interferon- 
7 is largely «-helical and contains no /3-sheet. Two-bond '^N-'^Ca /couplings in a- 
helices (6.4 ± 0.4 Hz) are significantly smaller than those in /?-sheets (8.4 ± 0.5 Hz) 
(8), and it is therefore remarkable that these connectivities are observable despite the 
fact' that the '^N Unewidths are approximately twice the size of this coupling, and 
despite the fact that the protein accidentally was labeled at a level of only 50% with 
'^N Figure 3D has been acquired with the HN(CO)CA technique, which contains 
an extra relay step compared to the HNCA and HNCO methods. However, because 
the relay of magnetization via the '^CO nucleus is quite efficient, sensitivity of the 3D 
spectrum is high. A number of additional interresidue connectivities are observed 
relative to the spectrum of Fig. 3C, and an interresidue correlation that was obscured 
by overlap with the intraresidue correlation in the HNCA spectrum is clearly observed 
in Fig. 3D and marked with an arrow. 

Before the backbone assignment of interferon-7 can be completed, it is necessary 
to get residue type assignments for at least a significant fraction ( > 1 0% ) of the amides. 
To this extent preparation of more uniformly labeled sample, needed because of its 
limited stability, is currently in progress. The present report clearly indicates; however, 
that the triple-resonance assignment procedure outlined previously (7) is applicable 
to proteins of a molecular weight larger than anticipated. It is noteworthy that the 
present study was carried out at a relatively low temperature (27°C), and that after 
correcting for the low level of '^N labeling, the effective protein monomer concentration 
was only 0 7 mM: Of course, the spectral complexity for a symmetric dimer such as 
interferon-7 is much lower than that for a regular protein of the same molecular mass. 
However, in the present 3D spectra, resonance overlap is rather minimal and a doubhng 
of the total number of correlations is not expected to cause unsurmountable problems. 
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abstract: The Ras superfamily of GTP-binding proteins is involved in a number of cellular signaling 
events including, but not limited to, tumorigenesis, intracellular trafficking, and cytoskeletal organization. 
The Rho subfamily, of which Cdc42Hs is a member, is involved in cell morphogenesis through a GTPase 
cascade which regulates cytoskeletal changes. Cdc42Hs has been shown to stimulate DNA synthesis as 
well as to initiate a protein kinase cascade that begins with the activation of the p2 1 -activated serine/ 
threonine kinases (PAKs). We have determined previously the solution structure of Cdc42Hs [Feltham 
et al. (1997) Biochemistry 36, 8755—8766] using NMR spectroscopy. A minimal-binding domain of 46 
amino acids of PAK was identified (PBD46), which binds Cdc42Hs with a K\y of approximately 20 nM 
and inhibits GTP hydrolysis. The binding interface was mapped by producing a fully deuterated sample 
of i^N-Cdc42Hs bound to PBD46. A iH,i^N-NOESY-HSQC spectrum demonstrated that the binding 
surface on Cdc42Hs consists of the second y3-strand 082) and a portion of the loop between the first 
a-helix (al) and /32 (switch I). A complex of PBD46 bound to ^^N-Cdc42Hs*GMPPCP exhibited extensive 
chemical shift changes in the ^H,*^N-HSQC spectrum. Thus, PBD46 likely produces structural changes 
in Cdc42Hs which are not limited to the binding interface, consistent with its effects on GTP hydrolysis. 
These results suggest that the kinase-binding domain on Cdc42Hs is similar to, but more extensive liian, 
the c-Raf-binding domain on the Ras antagonist, Rapl [Nassar et al. (1995) Nature 375, 554—560)]. 



A superfamily of low molecular weight G-proteins, for 
which the Ras proteins serve as prototypes, is involved in 
many biological pathways including cell cycle progression, 
cytoskeletal organization, protein trafficking, and secretion 
(7). The most intensively studied members of this super- 
family are the Ras subfamily proteins which play a major 
role in cell growth, differentiation, and possibly, apoptosis. 
The Rho subfamily, however, has been shown to control 
various cellular signaling pathways leading to changes in 
cell morphology and polarity, as well as increased DNA 
synthesis and cell cycle progression {2—4). Recent experi- 
ments suggest that Cdc42Hs, a member of Rho subfamily, 
may work closely with Ras to provide a full complement of 
cell growth regulatory events (5). The evidence includes 
the regulation of Cdc42Hs by the oncogenic protein Dbl (6, 
7) and the fact that activated mutants of Cdc42Hs can 
transform cells (5, 8). 

During the past several years, a variety of Cdc42Hs target 
proteins have been identified including the p85 sub unit of 
the PI3 kinase (9), the Wiscott— Aldrich syndrome protein 
[WASP (70)], the IQ-GAP molecules (77, 72), the ACK 
tyrosine kinase (75, 14), and members of the PAK^ family 
of serine/threonine kinases (75, 16). Although these potential 
Cdc42Hs signaling responses are assumed to be coordinated, 
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how these molecules interact with each other and how these 
interactions are regulated remains unknown. Recent studies 
of the interaction between Cdc42Hs and Rac with PAKs 
(17—21) support the idea that activation of PAK by 
Cdc42Hs/Rac initiates a protein kinase cascade that leads to 
the nucleus and culminates in the activation of two nuclear 
MAP kinases, JNKl and p38. This kinase cascade pathway 
is similar to a pathway in Saccharomyces cerevisiae^ where 
STE20 (the PAK homolog) initiates a kinase cascade that 
results in the activation of the MAP kinase Fus3/Kssl (22) 
and resembles the Ras-signaling pathway that begins with 
the Raf serine/threonine kinase and culminates in the 
activation of the nuclear MAP kinase Erk {23). However, 
while the main role of Ras appears to be to recruit Raf to 
the membrane where it then becomes activated, Cdc42Hs 
or Rac is absolutely essential for the stimulation of PAK 
activity. Without one or more activated Rho proteins, the 
PAKs cannot be autophosphorylated and show no kinase 
activity. Structural studies of the Ras-binding domain on 
the Ras antagonist, Rapl A, {24) reveals that the interaction 
between the two proteins is mediated by an antiparallel 

' Abbreviations: DTT, dithiothreitol; EDTA, ethylenediamine- 
tetraacetic acid; GAP, GTPase-activating protein; GDP, guanosine 5'- 
diphosphate; GMPPCP, ^,y-methylene derivative of GTP; GSH, 
glutathione (reduced form); GST, glutathione S'-transferase; GTP, 
guanosine 5 '-triphosphate; HSQC, heteronuclear single quantum cor- 
relation; IPTG, isopropyl ^-D-thiogalactopyranoside; NMR, nuclear 
magnetic resonance; NOESY, nuclear Overhauser effect spectroscopy; 
PAK, p21 activated kinase; PBD, Cdc42Hs binding domain on PAK; 
PBS, phosphate-buffered saline; PMSF, phenyl me thanesulfonyl fluo- 
ride; RBD, Ras-binding domain; sNBD, succinimidyl-6-[(7-nitrobenz- 
2-oxa-l,3-diazol-4-yl)amino]hexanoate; Tris-HCl, tris[hydroxymethylJ- 
aminomethane hydrochloride. 



80006-2960(98)01 352-X CCC: $15.00 © 1998 American Chemical Society 
Published on Web 09/15/1998 



Binding Surface on Cdc42Hs for PAK 

sheet formed by strand ^2 from RBD (Ras-binding 
domain) and strand p2 from RaplA. In contrast to the 
interaction between Ras and Raf, PAK can decrease the rate 
of GTP hydrolysis by Cdc42Hs, suggesting that the interac- 
tion may be different or more extensive than the Ras-Raf 
interaction. 

Presented here is the delineation of the binding interface 
on Cdc42Hs for PAK and the backbone chemical shift 
changes of Cdc42Hs upon binding of a peptide derived from 
PAK. This peptide encompasses the CRIB (Cdc42/Rac 
interactive binding) domain, which is also present in WASP 
and the ACKs and has been identified on the basis of 
sequence alignment as an important determinant in the 
binding of Cdc42Hs and Rac (25). The binding interface is 
more extensive than that described for RaplA-RBD {24), 
and the chemical shift changes encompass a large surface 
of Cdc42Hs, suggesting that PAK binding has significant 
effects on the tertiary structure of this GTP-binding protein. 

EXPERIMENTAL PROCEDURES 

Protein Expression. Cdc42Hs used in these experiments 
was expressed as a hexa-histidine-tagged protein in Escheri- 
chia coli strain BL21(DE3) from pET-15b-Cdc42Hs. This 
expression plasmid was subcloned to contain the N-terminal 
181 amino acids (including a glycine, serine, and histidine 
before the starting methionine) from the original pGEX- 
Cdc42Hs expression plasmid (26) to improve the yield and 
to remove the unstructured C-terminal tail (27). For samples 
labeled homogeneously with '^N or ^^N/'^C, ^^NH4C1 and 
'^C-glucose were substituted for their unlabeled counterparts 
in the M9 media (28). Specifically, a single colony contain- 
ing plasmid pET-l5b-Cdc42Hs was grown for 8 h in 5 mL 
of LB containing 50 //g/mL ampicillin (this concentration 
of ampicillin was maintained in all media). This 5 mL 
culture was washed twice with 5 mL of fresh 2xM9 
unlabeled media and transferred to 200 mL of 2xM9 
unlabeled media to grow 12 h at 37 ^C in a shaker flask. 
The 200 mL culture was then washed twice with 200 mL of 
2xM9 unlabeled media, resuspended in 2 L of 2xM9 '^N- 
or ^^N/^^C- labeled media, and grown in a Hi-Density 
Fermentor (Lab-Line Instrument, Melrose Park, IL) to OD560 
= 0.7. Cells were harvested 6 h after induction with 0.5 
mM IPTG by centrifugation at 10000^ for 15 min (4 °C) 
and stored at -70 ''C. 

Several modifications of this procedure were required to 
produce ^^N,2H-Cdc42Hs. '^NH4Cl and ^H-sodium acetate 
were used in the 2xM9 as the sole nitrogen and carbon 
sources, and 50 ^g/mL carbenicillin was used throughout 
the procedure. A single bacterial colony containing expres- 
sion plasmid pET-15b-Cdc42Hs was grown in 3 mL of 33% 
D2O LB for 12 h at 37 ''C in a 15 mL culture tube. An 
aliquot (100 fiV) was then transferred to 3 mL of 67% D2O 
LB for an additional 12 h. Finally, 100 fxh was transferred 
to 3 mL of >98% D2O LB for 12 h. An aliquot (50 fiL) of 
this culture was transferred to 50 mL of >98% D2O 2xM9 
and was grown for 3 days at 37 ''C in a shaker flask. This 
50 mL culture was then transferred to 2 L of >98% D2O 
2xM9 and grown for 2 days at 37 °C. When OD560 = 0.5 
was reached, induction began with 0.5 mM IPTG. Cells 
were harvested after 36 h of induction as described above. 

PBD46 was expressed as a GST fusion protein (pGEX- 
2T-PBD46) in Escherichia coli strain BL21(DE3). This 
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expression plasmid was subcloned from the original pET- 
15b-PBD (29) and contained 46 amino acids, including 
glycine and serine introduced as an N-terminal linker before 
the PBD sequence. Expression was achieved in the same 
manner as for Cdc42Hs, except that 4 L of LB medium was 
used and induction by IPTG began when the medium reached 
OD560 = 1 .0 in the fermentor. 
Protein Purification. All procedures were performed at 

4 °C unless otherwise specified. Frozen cells containing 
Cdc42Hs were thawed in 100 mL lysis buffer (5 mM 
imidazole, 500 mM NaCl, 20 mM Tris-HCl, pH 8.0) with 
0.1 mM GDP and a cocktail of protease inhibitors (2 fig! 
mL aprotinin, leupeptin and pepstatin, and 10 /ig/mL 
benzamidine and PMSF). Cells were homogenized using a 
Teflon-glass homogenizer, and lysozyme and deoxycholic 
acid were added to 1 mg/mL and 0.8 mg/niL respectively. 
Cell ly sates were incubated for 30 min, followed by the 
addition of DNase I and MgCl2 to final concentration of 20 
^g/mL and 20 mM, respectively. The lysates were then 
disrupted using a Polytron. The insoluble fraction was 
removed by centrifugation at 20000^ for 20 min. The 
supernatant was appHed to an iminodiacetic acid column (15 
mL) previously charged with Ni^"*" and equilibrated with 
binding buffer (5 mM imidazole, 500 mM NaCl, and 20 mM 
Tris-HCl, pH 8.0). The column was washed with binding 
buffer and washing buffer (25 mM imidazole, 500 mM NaCl, 
and 20 mM Tris-HCl, pH 8.0) and eluted with a 25 to 300 
niM imidazole gradient containing 500 mM NaCl and 20 
mM Tris-HCl, pH 8.0. Thrombin was added to the pooled 
Cdc42Hs-GDP (identified by 10% SDS-PAGE) and dia- 
lyzed against 4 L of 20 mM Tris-HCl (pH 8.0) for at least 

5 h before the addition of 10 [xglmL PMSF to stop the 
reaction. The mixture (containing Cdc42Hs*GDP, hexa- 
histidine tag, and thrombin) was loaded on a 15 mL 
Q-Sepharose column (equilibrated with 20 mM Tris-HCl, 
pH 8.0), washed with 20 mM Tris-HCl (pH 8.0), and eluted 
with a 0 to 300 mM NaCl gradient. Cdc42Hs-GDP was the 
only protein in the mixture that bound to this column. 
Following elution, Cdc42Hs'GDP was identified by 10% 
SDS-PAGE, concentrated to 20 mg/mL [Bradford assay 
{30) after correction based on an amino acid analysis (27)], 
and dialyzed against NMR buffer (25 mM NaCl, 5 mM 
NaH2P04, 5 mM MgCb, and 1 mM NaNs, pH 5.5). 
Exchange of GDP for GMPPCP was performed as described 
by John et al. {31). Cdc42Hs-GMPPCP was further dialyzed 
extensively in NMR buffer and concentrated to 20 mg/mL. 

A supernatant containing GST-PBD46 was extracted from 
bacteria in the same manner as described for His-Cdc42Hs 
except that PBS was used as the lysis buffer. The super- 
natant was mixed with 50 mL of GST Sepharose-4B beads 
which were equilibrated with PBS. The mixture was poured 
onto a colunm, washed with 300 niL of PBS and 100 mL of 
20 mM Tris-HCl, pH 8.0. The GST fusion protein was 
eluted with 10 mM GSH in 20 mM Tris-HCl (pH 8.0), and 
fractions containing GST-PBD46 (identified by 10% SDS- 
PAGE) were pooled (~100 mL) and incubated with thrombin 
for 5 h. The solution was lyophilized, resuspended in 3 mL 
of H2O, centrifuged, and loaded on to a Sephacryl S-100 
gel filtration column prior equilibrated with 20 mM Tris- 
HCl and 150 mM NaCl, pH 8.0. Purified PBD46 was eluted, 
identified by SDS-PAGE, lyophilized, resuspended in 2 mL 
of H2O, dialyzed in the NMR buffer described above, and 
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Figure 1: The 'H^'^N-HSQC spectra of '5N-Cdc42Hs-GMPPCP (black) and '5N-Cdc42Hs'GMPPCP-PBD46 (red) are shown with peaks 
labeled with assignments. Side-chain glutamine and asparagine correlations are not labeled. Since only Cdc42Hs is uniformly labeled with 
'^N, only correlations between nitrogen and amide protons on Cdc42Hs are observable. Note: the extensive chemical shift changes between 
the PBD-bound and PBD-free forms of '5N-Cdc42Hs-GMPPCP. The insert is an enlargement at lower contour levels of a partially bound 
'-*'N-Cdc42Hs*GMPPCP preparation showing both bound and unbound peaks, indicating that the complex is in slow exchange. 



concentrated to 5 mg/mL, PBD46 and Cdc42Hs-GMPPCP 
were then mixed (1 mL each of the protein stocks) and 
incubated at 4 °C overnight. The complex was purified on 
a Sephacryl S-100 column equilibrated with NMR buffer. 

Protein samples used for NMR experiments were supple- 
mented with 10% D2O. The concentration of '5N-Cdc42Hs- 
GMPPCP was 1.0 mM, '5N-Cdc42Hs-GMPPCP-PBD46 was 
1.0 mM, and iH2H.cdc42Hs-GMPPCP-PBD46 was 0.8 
mM. All samples were in NMR buffer at pH 5.5 without 
pH correction to counter isotope effects. 

Binding of PBD46 to Cdc42Hs. A fluorescence reporter 
group, sNBD, was covalently attached to Lysl50 on Cdc42Hs 
(52). sNBD- labeled Cdc42Hs undergoes a characteristic 



fluorescence decrease when bound to FED [excitation at 488 
nm and emission at 545 lun (32)], providing an environment- 
sensitive probe for monitoring the binding of Cdc42Hs to 
PBD. Accordingly, 55 nM of sNBD-Cdc42Hs-GTP in NMR 
buffer was excited at 488 nm, aliquots of concentrated PBD 
constructs were added, and the fluorescence quenching was 
monitored. The Kd was determined by nonlinear least- 
squares fit to the following equation: 



F = 



^i + ^f 
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Figure 2: Sequence and characterization of PBD46. (A) The amino acid sequences of the PBD constructs tested are shown along with an 
indication of the affinity of each sequence for Cdc42Hs-GMPPCP based on the sNBD-binding assay. PBD46 was the shortest construct 
which bound with high affinity, (B) Binding of PBD46 to sNBD-Cdc42Hs'GMPPCP results in a fluorescence decrease upon binding 
(the >'-axis represents a decrease in fluorescence intensity). A Ko of 20 nM was calculated as described in the Experimental Procedures, 
(C) hihibition of Cdc42Hs-catalyzed GTP hydrolysis by PBD46. In the absence of PBD46, Cdc42Hs hydrolyzed OTP with i^a of approximately 
14 min. In the presence of 10 of PBD46, a significant decrease in the rate of ^^P release from the GTPase was observed. The curve 
shown for the GTPase activity in the absence of PBD is a single-exponential fit to the data. 



where F is the change in fluorescence over the initial 
fluorescence (AF/Fo), F\ is the initial value of AF/Fo, Ff is 
the final value of AF/Fo, U is the total concentration of PBD, 
and Rt is the total concentration of Cdc42Hs. 

Measurement of GTPase Activity of Cdc42Hs, The 
hydrolysis of GTP by Cdc42Hs was measured by monitoring 
the release of ^^p from [y-^^pjGTP bound to Cdc42Hs (2P). 
Purified Cdc42Hs (lO^M) was complexed with 7 /^M [y-^^P]- 
GTP (360 000 cpm/pmol) in TED A buffer (20 mM Tris- 
HCl, pH 7.5, 10 mM EDTA, 1 mM DTT, and 50 mM NaCl) 
and 80 yWg/mL bovine serum albumin for 20 min at room 
temperature. To initiate hydrolysis of the bound GTP, 
aliquots of the Cdc42Hs were then diluted into a reaction 
mixture containing 25 niM Tris-HCl, pH 7.5, 1.3 mM DTT, 
40 mM NaCl, 5 mM MgCh, 200 ^g/mL bovine serum 
albumin, 100 (aM nonradioactive GTP, and either purified 
PBD46 or control buffer (TEDA buffer, 40% glycerol). 
Aliquots were filtered on BA-85 nitrocellulose filters 
(Schleicher and Schuell) and washed under negative pressure. 
The amount of ^^P remaining associated with Cdc42Hs was 
determined by liquid scintillation counting of the filters. 

NMR Spectroscopy, NMR experiments were performed 
at 25 on a Varian Inova 600 spectrometer with a triple 
resonance pulsed-field gradient probe. Data were collected 
in the States-TPPI mode {33, 34) for quadrature detection. 
Chemical shifts were referenced as described previously (27). 

2D Heteronuclear Experiments, 2D ' H, '^N heteronuclear 
single quantum coherence [HSQC {35)] spectra were ac- 
quired on Cdc42Hs, and Cdc42Hs-PBD46 samples in which 
Cdc42Hs was homogeneously labeled with '^N. 



3D Experiments for Sequential Backbone Assignments, 
For both •H'^C-Cdc42Hs-GMPPCP and '5N,'^C-Cdc42Hs- 
GMPPCP-PBD46, an HNCA was collected (HNCA with 
decoupling of C/j nuclei) as in Yamazaki et al. {36) except 
for the removal of sensitivity enhancement pulses. During 
tu WALTZ- 16 decoupling was applied to protons, allowing 
the removal of (Ca constant time period), and WURST 
decoupling {37, 38) is applied to both the carbonyls and C/j 
nuclei (59). An HN(CO)CA experiment used a nonsensi- 
tivity -enhanced version of the pulse sequence in Yamazaki 
et al. {40), except for the addition of SEDUCE decoupling 
of Ca nuclei during Tc (in which coupling develops between 
nitrogen and the carbonyl) and WURST decoupling of C^i 
nuclei in t\, as well as WALTZ- 16 decoupling of protons in 
t[, allowing the removal of Tc {Ca constant time period). An 
additional series of experiments were used to correlate 
backbone amides and amide protons to Cfi nuclei: HBCB- 
CACONNH and HNCACB {41-43), 

3D NOESY Experiments. iH,^5N.N0ESY-HSQC {34, 44) 
experiments were acquired on '^N-Cdc42Hs*GMPPCP, '^N- 
Cdc42Hs-GMPPCP-PBD46, i5N,2H-Cdc42Hs-GMPPCP, and 
'5N,2H-Cdc42Hs-GMPPCP-PBD46 using a pulse sequence 
which features water suppression by a selective pulse on the 
water resonance followed by dephasing with a gradient 
during the mixing period, as well as by a gradient appUed 
while the magnetization of interest is spin-ordered during 
the final INEPT transfer step. 

Processing of NMR Experiments, Data were processed 
with version 2.3 of Felix software (Molecular Simulations, 
Inc.) on an SGI Indy workstation, with preprocessing for 
sensitivity -enhanced experiments {45). Data were, in most 
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cases, zero-filled to double the original number of data points 
and apodized by convolution with a squared sinebell window 
function shifted by 60-90°, depending on the relative 
amount of signal in the data. Linear prediction was 
sometimes applied during the transformation of this fmal 
dimension to increase resolution. Data visualization and 
spectral assignment utilized the XEASY {46) program. 

RESULTS AND DISCUSSION 

Optimization of Cdc42Hs and PBD Constructs. A com- 
plex of full-length >5N-Cdc42Hs (27) with a 74 amino acid 
PBD construct described previously (16) gave rise to 'H,'^N- 
HSQC spectra with unacceptably broad lines (data not 
shown). By removing the flexible C- and N-terminal 
portions of the original Cdc42Hs construct [note that the 
original construct contained 9 amino acids that were not 
native to Cdc42Hs, but remained from the cloning of the 
cDNA (27)], the resulting 178 amino acid protein produced 
excellent spectra (Figure 1). 

The original 74 amino acid PBD construct was found to 
be unstable due to proteolysis during purification. Therefore, 
to determine the core binding sequence of PBD, a series of 
truncation mutants of both the N- and C-termini surrounding 
the CRIB sequence [Figure 2 A (25)] was expressed and 
purified as GST fusion proteins. Following removal of GST 
by thrombin and purification, binding assays of each peptide 
to sNBD-labeled Cdc42Hs were performed according to 
Nomanbhoy et al. (J2) as described in the Experimental 
Procedures. Among the constructs tested, PBD46 was the 
smallest peptide which maintained an affinity for the GTP- 
bound form of Cdc42Hs close to that of native mPAK-3 
(Figure 2B, = 20 nM vs 5 nM for the wild-type protein). 
In addition, like mPAK-3, PBD46 inhibited the hydrolysis 
of GTP by Cdc42Hs (Figure 2C). As shown in Figure 2C, 
Cdc42Hs hydrolyzed GTP rapidly (tin of approximately 14 
min) in the absence of PBD46. However, in the presence 
of 10 of PBD46, no GTP hydrolysis was observed within 
the time of the experiment. Thus, both the binding affmity 
and function of the p21 -binding domain found in mPAK-3 
(15, 16) is preserved in PBD46. As shown in Figure 1, the 
complex of PBD46 with ^^N-Cdc42Hs-GMPPCP produced 
excellent ^H,'^N-HSQC spectra. 

Backbone Assignments of Cdc42Hs'GMPPCP and Its 
Complex with PBD46. The assignments for a full-length 
construct of Cdc42Hs'GMPPCP have been reported previ- 
ously (27), The truncated form used in the current experi- 
ments showed minor chemical shift changes, and the 
assignments ('3C,'^N-Cdc42Hs*GMPPCP) were verified us- 
ing four triple resonance experiments (HNCO, HNCA, 
HBCBCACONNH, and HNCACB) which provided assign- 
ments for all backbone resonances as well as C/i resonances 
with the exception of several resonances broadened by 
conformational dynamics on an intermediate time scale 
[resonances in the P-loop (residues 14—15), switch I 
(residues 36—41) and switch II (residues 59-61) (27)]. 

As described above, the binding of PBD46 to Cdc42Hs* 
GMPPCP exhibits high affinity, and HSQC spectra of '^N- 
Cdc42Hs*GMPPCP partially complexed with PBD46 ex- 
hibits peaks arising from both bound and unbound '^N- 
Cdc42Hs-GMPPCP, indicating that the complex is in slow 
exchange (Figure 1, inset). As shown in Figure 1, a large 
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Figure 3: Changes in chemical shift as a function of residue 
number upon Cdc42Hs'GMPPCP binding to PBD46. The changes 
for the amide proton and amide nitrogen are derived from the 
'H,'^N-HSQC spectra and the changes in the d nuclei are derived 
from an HNCA spectrum. The weighted average was generated by 
scaling to the range of chemical shifts in the sample for 'H and 
'^N nuclei (4.3 and 29,6 ppra, respectively) and to the average 
chemical shift range for '^C,i nuclei [6.6 ppm, calculated from the 
data in Wishart et al. (52)']. The gray bars indicate the residues for 
which intermolecular contacts have been observed from the NOE 
experiment shown in Figure 5. Ambiguity due to missing assign- 
ments in either the bound or unbound spectra is present for positions 
13-15, 35-40, 58-61, and 66-68. 
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Figure 4: (A) The structure of Cdc42Hs*GDP (27) colored to indicate the chemical shift changes upon binding of PBD46. Large chemical 
shift changes (absolute value of the weighted average of the chemical shift change from Figure 3 is greater than 0.5) are shown in red and 
smaller changes (absolute value of the weighted average of the chemical shift change from Figure 3 is greater than 0.2) are shown in cyan. 
Residues for which there is an uncertainty are shown in green. The greatest uncertainty arises because a number of peaks in switch I are 
not observable in the absence of PBD46 but can be observed and assigned in the complex, thus changes in chemical shift cannot be 
determined. (B) The same structure colored red to indicate positions of the residues which have intermolecular NOEs to PBD46. 



number of resonances exhibit significant chemical shift 
changes to the extent diat the assignments could not be made 
solely upon inspection of the HSQC spectrum. The same 
four triple resonance experiments used for the uncomplexed 
form of Cdc42Hs-GMPPCP (HNCO, HNCA, HBCBCA- 
CONNH, and HNCACB) were used to assign the ^^C'^N- 
Cdc42Hs-GMPPCP-PBD46 complex. Unlike uncomplexed 
Cdc42Hs-GMPPCP, all resonances in switch I (residues 25— 
38) could be assigned in the complex. One likely explana- 
tion, consistent with the data presented below, is that 
interaction with PBD46 modifies the dynamics of switch I, 
presumably by stabilizing the structure of this region of the 
protein. The observed chemical shift; changes (Figures 1 and 
3) are extensive and map to the N-terminal half of Cdc42Hs 
and the a5 helix. Figure 4A indicates where on the structure 
of Cdc42Hs the chemical shift changes are observed. 

The chemical shift changes map to the face of the protein 
that encompasses switch I (residues 25—38), switch II 
(residues 58—67), and a portion of the P-loop (residues 10— 
15). Thus, the binding of PBD46 might be expected to affect 
the binding and hydrolysis of nucleotide as well as interaction 
with GAP proteins [which bind to the switch I and switch II 
region of Cdc42Hs {47)], As shown above, PBD46 inhibits 
GTP hydrolysis (Figure 2), and other studies have shown 
that it decreases the dissociation of nonhydrolyzable GTP 
analogues {29). Likewise, the original 74 amino acid 
construct of PBD inhibits the binding of Cdc42Hs-GAP to 



Cdc42Hs (29). Thus, the chemical shift changes are entirely 
consistent with the functional effects of PBD46. In contrast, 
the binding of RBD to H-Ras does not modify the GTPase 
activity of H-Ras (48). Likewise, the structure of Rap 1, a 
Ras antagonist, bound to RBD {24) is identical to the 
structure of H-Ras, suggesting that RBD does not produce a 
structural change in H-Ras upon binding. Thus, the interac- 
tion of PBD46 with Cdc42Hs is qualitatively different than 
the interaction of RBD with H-Ras. 

Identification of the Binding Surface on Cdc42Hs\ Chemi- 
cal shift changes indicate where the chemical environment 
is modified upon binding PBD46. Although the changes 
often map to the binding interface, other regions of the 
protein experiencing conformational changes upon binding 
may also exhibit changes in chemical shift. For this reason, 
a more precise method of mapping the interface is to measure 
intermolecular NOE interactions {49). A fully deuterated 
'^N-Cdc42Hs-GMPPCP sample was purified in H2O- 
containing buffers and complexed with natural abundance 
PBD46. During the purification procedure, protons were 
exchanged back onto the amides, providing a Cdc42Hs 
sample with deuterons on the carbons and protons on the 
amides. A three-dimensional *H,'^N-NOESY-HSQC can 
then be used to detect NOE interactions between amide 
protons within Cdc42Hs and, more importantly, intermo- 
lecular NOE interactions between Cdc42Hs and PBD46. In 
a 'H,'5N-N0ESY-HSQC spectrum of uncomplexed 2H,'^N- 
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Figure 5: Slices from a 3D >H,'5N-N0ESY-HSQC spectrum of 
'5N,2H-Cdc42Hs-GMPPCP complexed with natural abundance 
PBD46. Since all protons attached to carbon were replaced by 
deuterons, all upfield NOE peaks (>6 ppra, with the exception of 
NOEs to water at 4.75 ppm) are intermolecular NOEs from amide 
protons on Cdc42Hs to protons attached to carbon on PBD46. 

Cdc42Hs*GMPPCP, the only NOE peaks observed were 
those between amide protons. Thus, in the complex, NOEs 
from nonamide protons to amide protons on Cdc42Hs arise 
from the dipolar interactions across the binding interface, 
and thus, can be used to map the binding surface. Several 
slices from a three-dimensional 'H,'^N-NOESY-HSQC spec- 
trum are shown in Figure 5. One of the most striking features 
is that every other backbone amide proton from residue 37 
to residue 47 of Cdc42Hs exhibits an intermolecular NOE, 
suggesting that a portion of the binding surface arises from 
an intermolecular ^- sheet formed along p2 of Cdc42Hs. In 
addition, the interactions continue into switch I and are 
present in several neighboring residues in the a5 -helix 
(Figure 4B). 

These data are entirely consistent with the mutagenesis 
work on the binding interface between Cdc42Hs and PAK, 
Lamarche et al. (50) demonstrated that a Y40C mutation of 
the constitutively active Q61L mutant of Cdc42Hs abolished 
binding of p65^^*^ but that the F37A mutant of the same 
protein had no affect on the interaction. Likewise, Leonard 
et al. (51) showed that a D38E mutant of Cdc42Hs 
significantly weakened the binding of PAK. On the basis 
of the pattern of intermolecular NOEs and assuming an 
intermolecular ^-sheet, the side chains of residues 38 and 
40 face (and possibly interact with) PBD, whereas, the side 
chain of residue 37 points away from the interface with PBD. 
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Thus, mutations of critical residues facing PBD at the 
interface would be expected to interfere significantly with 
the binding interaction. 

This binding surface is much more extensive than that 
observed for the Rapl — RBD interaction (24). In that case, 
the interaction was an intermolecular antiparallel yS-sheet 
extending from E37 to R41 of Rapl. The pattern of NOEs 
defining the interface suggest that an antiparallel ^- sheet is 
also present at the Cdc42Hs-PBD46 interface, but that the 
y9-sheet, in this case, extends for an additional six residues. 
These results suggest that the fil and switch I region of Ras- 
like proteins may be an effector interface; however, the extent 
of the interface likely varies and this variation could explain 
the specificity of interaction and variety of functional effects 
observed in different members of the Ras superfamily. The 
indication that a number of other regions on the Cdc42Hs 
molecule are affected by PBD (compare panels A and B of 
Figures 4) raises the attractive possibility that the binding 
of one effector (e.g., PAK) influences the contact sites for 
other effectors or regulatory proteins. There is increasing 
evidence that the signaling activities mediated by small GTP- 
b in ding proteins require multiple effector interactions and 
probably occur within multicomponent complexes (7). Thus, 
the ability of one effector (PAK) to influence the binding of 
other effectors could provide a mechanism for coordinating 
multiple signaling pathways emanating from a single G- 
protein. Future work will be directed toward extending these 
observations to establish whether PAK influences specific 
effector interactions and what the biological consequences 
might be for such types of interplay. 
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ABSTRACT A convenient in vitro chemical ligation strategy 
has been developed tliat allows folded recombinant proteins to be 
joined together. Tiiis strategy permits segmental, selective iso- 
topic labeling of the product The src homology type 3 and 2 
domains (SH3 and SH2) of Abelson protein tyrosine kinase, 
which constitute the regulatory apparatus of the protein, were 
individually prepared In reactive forms that can be ligated 
together under normal protein-folding conditions to form a 
normal peptide bond at the ligation junction. This strategy was 
used to prepare NMR sample quantities of the Abelson protein 
tyrosine kinase-SH(32) domain pair, in which only one of the 
domains was labeled with ^^N. Mass spectrometry and NMR 
analyses were used to confirm the structure of the ligated protein, 
which was also shown to have appropriate ligand-binding prop- 
erties. The ability to prepare recombinant proteins with selec- 
tively labeled segments having a single- site mutation, by using a 
combination of expression of fusion proteins and chemical 
ligations vifro, will increase the size limits for protein structural 
determination in solution with NMR methods. In vitro chemical 
ligation of expressed protein domains will also provide a com- 
binatorial approach to the synthesis of linked protein domains. 



Many large cellular and extracellular proteins are composed of 
independently folded protein modules with distinct biochemical 
properties. Specific recombinations of these modules provide the 
overall functional character of the complete protein in vivo (1, 2). 
Consequently, there is some interest in understanding the struc- 
tural and functional interplay that occurs between such domains 
in the context of the multidomain protein. Experimentally, this 
can be achieved by manipulating the spatial and/or functional 
organization of the domains by using standard recombinant DNA 
techniques. An alternative protein-engineering strategy would 
involve the in vitro assembly of multidomain proteins from 
individual "off-the-shelf' protein domains. Advantages of the 
latter strategy include the ability to prepare a large number of 
chimeric proteins from a small number of premade building 
blocks, the ability to prepare fused proteins that are cytotoxic 
from individually expressed domains that are not, the potential 
incorporation of nonnatural residues in an efficient combination 
of /n vivo and chemosynthetic approaches, and the labeling of one 
segment of a protein for structural or biochemical investigation. 
In this paper we demonstrate that ligation of native expressed 
domains can be accomplished and that segmental labeling, es- 
pecially valuable for NMR, can be achieved. 

A practical size limit for protein structural determination by 
NMR spectroscopy arises because of the length of the protein, 
which is a function of the number of residues, n (3). This limit is 
attributable to the loss of resolution, proportional to «, occurring 
because signals with longer correlation times exhibit increased 
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line widths and because of the increased number of signals that 
have similar chemical shifts. 

Isotopic labeling can be used for the selection of coupled nuclei 
pairs, the perturbation of relaxation of complex or isochronous 
spin systems, and the observation of low sensitivity nuclei (spe- 
cifically ^^C and *-**N). The application of this labeling to proteins 
is well exploited (for examples, see refs. 4 and 5). Although early 
examples of highly tailored isotopic syntheses of peptides by 
chemical means (for example, see ref. 6) were useful, that 
approach was subsumed by the more general ability to uniformly 
label proteins by overexpression in isotopically substituted media. 
However, labeling a segment of a protein remains an important 
goal generally and especially in connection with the study of 
multidomain or modular proteins (for examples, see refs. 7 and 
8), Labeling a segment permits the direct assignment of chemical 
shifts in that segment, because of reduced spectral complexity. 
Moreover, in cases in which the subdomains are individually 
folded, segmental labeling permits the structural determination 
of the independent segment and possible comparison of the 
structure in isolated and multidomain forms. Segmental labeling 
also permits simplified observation of the individual subdomain 
for spin relaxation, residual dipolar coupling analysis (9), or study 
of ligand binding by chemical shift perturbation/structure- 
activity-relationship (SAR)-by-NMR (10). 

In principle, selectively labeled proteins can be obtained by 
joining labeled and unlabeled recombinant proteins together 
in vitro. Along these lines, Yamazaki et aL (11) recently 
exploited trans-protein splicing (12-14) to generate a segmen- 
tally labeled protein for NMR analysis. By using a genetically 
dissected protein-splicing system, this group was able to join 
together labeled and unlabeled peptides derived from the a 
subunit of Escherichia colt RNA polymerase (11). Although 
elegant, this strategy resulted in the insertion of five unwanted 
amino acids at the splice junction and required a chemical 
denaturation step. These features, along with the moderate 
yields often associated with the trans-splicing process (12) may 
reduce the general applicability of this approach. 

Previously, we described a protein-engineering approach, ex- 
pressed protein ligation, that allows synthetic peptides to be 
chemically ligated to the C terminus of recombinant proteins (15, 
16). Key to this process is the generation of a recombinant protein 
a-thioester derivative that can react with an N- terminal cysteine 
residue in the peptide to form a normal peptide bond. Reactive 
recombinant protein a-thioesters can be prepared by exploiting 
the natural process, protein splicing, a posttranslational event 
known to involve thioester intermediates (17). It is possible to 
chemically intercept the splicing process with a suitable thiol by 
appending the recombinant fragment in question to the N 
terminus of a genetically modified protein-splicing element (an 
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intein), thereby generating the corresponding recombinant pro- 
tein a-thioester (15, 16). Suitable protein expression vectors are 
commercially available that allow recombinant proteins to be 
expressed as an N-terminal intein-CBD fusion, in which the CBD 
is a chitin-binding domain affinity handle (17). After affinity 
purification on chitin beads, the immobilized fusion protein is 
exposed to an aqueous solution containing the synthetic peptide 
and a catalytic amount of thiophenoi at pH 7.0. Under these 
conditions, near quantitative ligation of the peptide to the protein 
is observed (15, 16). Expressed protein ligation has thus far been 
used only to generate semisynthetic proteins (15, 16, 18); how- 
ever, the approach could, in principle, be adapted to allow two 
recombinant, folded proteins to be ligated together. Such an 
extension permits segmental isotopic labeling of multidomain 
proteins for use in multidimensional NMR analysis, as well as 
other uses of combinatorial chemistry with protein domains. 

MATERIALS AND METHODS 

Analytical. Electrospray mass spectrometry (ESMS) was per- 
formed on a Perkin-Elmer-Sciex (Thornhill, ON, Canada) API- 
100 mass spectrometer. Predicted masses were calculated by using 
MACBIOMASS (S. Verumi and T. Lee, City of Hope, Duarte, CA), 
Analytical HPLC was performed on a Hewlett-Packard 1100 
series instrument. Preparative HPLC was performed on a Waters 
DeltaPrep 4000 system. Linear gradients of 0.1% aqueous trif- 
luoroacetic acid (solvent A) versus 90% CH3CN plus aqueous 
0.1% trifluoroacetic acid (solvent B) were used for all runs. 

Cloning and Expression of Abl-CC^^^SHl. Suitable SH2 con- 
structs were generated from a pGEX2T vector containing the 
human Abl-SH(32)-coding sequence (19). Two restriction sites, 
Ncol and Xmdi, were introduced on either side of the linker 
region between SH3 and the SH2 domains by using PCR mu- 
tagenesis. After the plasmid was treated with Ncol m\dXmal and 
alkaline phosphatase, a double-stranded 5'-phosphorylated 
DNA cassette (comprising synthetic oligonucleotides 5'-CCG 
GTC ATC GAA GOT CGT TGC CTG GAG AAA CAT TCC 
TGG TAT-3' and 5'-C ATG ATA CCA GGA ATG TTT CTC 
CAG GCA ACG ACC TTC GAT GA-3') was inserted into the 
pGEX2T plasmid. This oligonucleotide creates an insertion of a 
factor Xa cleavage site (lEGR-C) and a S^^^ C point mutation 
in the coding sequence. DNA sequencing was used to confirm the 
presence of the insertion and mutation. The glutathione ^J-trans- 
ferase-Abl-SH3-IEGRC-SH2 fusion protein was expressed in E, 
coli DH5-a cells grown in M9 medium with *-*^N-ammonium 
chloride. Mid -log phase cells were induced with 1 mM isopropyl- 
l-thio-j3-D-galactopyranoside for 4 h at 37^*0 and harvested by 
centrifugation. Cells were resuspended in 4.3 mM sodium phos- 
phate, 137 mM NaCl, 2.7 mM KCl, and 1.4 mM potassium 
phosphate, pH 7.2, which contained 100 mM EDTA, 1 mM DTT, 
1 mM phenylmethylsulfonyl fluoride, 1% (vol/vol) Triton X- 100, 
and 1% (wt/vol) aprotinin, and then lysed by using sonication. 
The soluble fraction was then passed over glutathione agarose 
beads, which were then washed with 137 mM NaCl, 8 mM sodium 
phosphate, 2.7 mM KCl, and 1.4 mM potassium phosphate, pH 
7.2, which contained 100 mM EDTA Abl-SH3-ffiGRC-SH2 was 
cleaved from the glutathione beads with thrombin (20). After 
thrombin cleavage, Abl-SH3-IEGRC-SH2 was exchanged with 
factor Xa reaction buffer (1 mM CaCl2/100 mM NaCl /50 mM 
Tris^HCl, pH 7.8, with 0.01 % NaN3). About 200 un its of factor Xa 
(Pharmacia) were used to cleave 15 mg of Abl-SH3-IEGRC-SH2 
in 4 ml of a reaction buffer at room temperature for 20 h. The 
resulting Abl-[C^^^]SH2 was purified by fast protein liquid chro- 
matography with a Superdex-75 gel filtration column (Pharma- 
cia) and 137 mM NaCl, 4.3 mM sodium phosphate, 2.7 mM KCl, 
and 1.4 mM potassium phosphate, pH 7.2, with 2 mM EDTA and 
0.1 mM sodium azide as the eluent. The purified protein was 
concentrated to 0.5 mM with a Centricon 3 concentrator (Ami- 
con). Purity and characterization were confirmed by analytical 
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HPLC and ESMS: observed = 11,997.8 ± 1.4 Da; expected 
(average isotope composition) = 11,998.2 Da. 

Cloning and Expression of Abl-SH3-Intein-CBD. The DNA 
encoding the Abl-SH3 domain (residues L^'-**-V^^^) was isolated 
by PCR from a cloned Abl-SH(32) gene (pGEX2T, ref. 19) widi 
the oligonucleotide primers Abl 1 (5'-GGA TCC CCT GGT 
CAT ATG CTT TTT GTG GCA CTC TAT GAT TTT GTG-3 ') 
and Abl 2 (5'-ATG TTT CTC CAG GCT GTT A AC GGG GGT 
GAT GTA GTT GCT TGG-3'). The PCR-amplified SH3 do- 
main was purified and digested simultaneously with Ndel and 
Hpal and then recloned into the NdelSmal-tTc^ted plasmid 
pTYB2 (New England Biolabs). The resulting plasmid, 
pTYB2Abi-SH3, expresses the Abl-SH3 domain fused via a single 
G residue to the intein-CBD from an isopropyl-l-thio-)3-D- 
galactopyranoside-inducible T7 promoter. The pTYB2Abi-SH3 
plasmid was shown to be free of mutations in the Abl-SH3-coding 
region by DNA sequencing. E. coli BL21 cells transformed with 
pTYB2Abi-SH3 were grown to mid- log phase in Liiria-Bertani 
medium and induced with 1 mM isopropyl-l-thio-jS-D- 
galactopyranoside at 37°C for 5 h. No protein was detected by 
SDS/PAGE in the soluble fraction of the cell lysate under these 
conditions. Expression conditions were modified by inducing 
mid-log phase cells with 0.1 mM isopropyl-l-thio-jS-D- 
galactopyranoside at room temperature for 2 h to yield protein in 
the soluble fraction. After centrifugation, cells were resuspended 
in 60 ml of lysis buffer (25 mM Hepes, pH 8.0/0.1 mM EDTA/ 
250 mM NaCl/5% glycerol/ l.O mM phenylmethylsulfonyl fluo- 
ride) and lysed with a French press. The lysate was clarified first 
by low speed centrifugation and further clarified by ultracentrif- 
ugation. The clarified lysate ('=«45 ml) was loaded onto a 15-ml 
chitin column preequilibrated in column buffer (20 mM Hepes, 
pH 7.0/250 mM NaCl/1 mM EDTA/0.1% Triton X-100), and 
the column was extensively washed with the same buffer and then 
stored at 4°C until further use. The column loading was deter- 
mined by treating 100 fii of beads overnight with a buffer 
containing 0.2 M phosphate, pH 7.2, 0.2 M NaCl, and 100 mM 
DTT. After the beads were washed extensively with 1:1 aceto- 
nitrile:water, the amount of cleaved Abl-[G*^^*]SH3 in solution 
was quantified by analytical HPLC through comparison to an 
Abl-SH3 standard of known concentration. This analysis indi- 
cated a loading of -0.35 mg/ml Abl-[G*20jsH3 Results of ESMS 
of the cleavage product were: observed = 6,259.4 ± 0.5 Da; 
expected (average isotope composition) == 6,260.0 Da. 

Peptide Synthesis. A model peptide NH2-CGRGRGRK[fluo- 
rescein]-C0NH2 was chemically synthesized on a metliylbenzhy- 
drylamine resin with in situ neutralization/2-[lH-benzotriazolyl]- 
1,1,3,3-tetramethyluronium hexafluorophosphate activation pro- 
tocols for /-butyloxycarbonyl solid phase peptide synthesis (21). 
Orthogonal protection of the e-amino group of the C-terminal K 
residue with fluorenylmetlioxycarbonyl allowed solid phase at- 
tachment of fluorescein (activated as a succinimide ester) before 
the final cleavage step. The peptide was purified by reverse-phase 
HPLC and characterized by ESMS: observed mass = 1,245.9 ± 
0.5 Da; expected (average isotope composition) = 1,246.5 Da. 

Model Ligation Reactions. Typically, 100 /lI of chitin beads 
were equilibrated with a buffer containing 0.2 M phosphate and 
0.2 M NaCl at pH 7.2. To these beads was added a solution of 
synthetic peptide (1 mg/ml) in the above buffer (100 ptl) along 
with 1.5% (vol/vol) thiophenoi- The suspension was then gently 
agitated at room temperature overnight, the supernatant was 
removed, and the beads were washed with 1:1 acetonitrile:water. 
The combined supernatant and washes were then analyzed by 
analytical HPLC and ESMS, which indicated the presence of the 
ligation product in excellent (>90%) yield: observed mass = 
7,488.0 ±1.5 Da; expected (average isotope composition) = 
7,488-5 Da. 

Preparation of Abi-EG^^^lSHB-Ethyl-a-thioester. The chitin 
column, loaded and washed as described above, was equilibrated 
and suspended in 0.2 M phosphate, pH 6.0, and 0.2 M NaCl buffer 
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to which 3% (vol/vol) ethanethiol was then added. This suspen- 
sion was agitated overnight, the supernatant was removed, and 
the beads were washed several times with 1:1 acetonitrilerwater. 
All washes were combined with the supernatant and purified by 
preparative reverse-phase HPLC by using a Vydac (Hesperia, 
CA) Ci8 colunm. The purity and composition of the resulting 
Abl^G^^'^lSHS-ethyl-a-thioester were confirmed by analytical 
HPLC and ESMS: observed mass = 6,305.4 ± 1.5 Da; expected 
(average isotope composition) = 6,304,2 Da. 

Preparation of Abl-EG^^^C^^M [SH2-^5N]SH(32). Purified Abl- 
[G*2"]SH3-ethyl-a-thioester (2 mg) and purified ^-''N-labeled Abl- 
[C^^^]SH2 (8 mg) were reacted in 1.5 ml of 0.2 M phosphate, pH 
7.2, and 0.2 M NaCl buffer containing both thiophenol and benzyl 
mercaptan each at final concentrations of 1.5% (vol/vol). After 
^90 h of reaction, the desired ligation product was purified by 
preparative HPLC and characterized by ESMS: observed mass = 

18.240.1 ± 5.4 Da; expected (average isotope composition) = 

18.240.2 Da. The lyophilized ligated product («*2.5 mg) was then 
dissolved in 200 /xl of 6 M Gdn-HCl (where Gdn is guanidine), 0.2 
M phosphate, pH 7.2, and 0.2 M NaCl buffer and refolded by 
rapid dilution (10-fold) into 0.2 M phosphate, pH 7.2, and 0.2 M 
NaCl buffer. Note that the SH3 domain was also prepared with 
*-**N labeling: observed mass = 6,376.8 ± 0.5 Da; expected 
(average isotope composition) = 6,378.0 Da. This material could 
be ligated to [C*^*]SH2, resulting in analytical quantities of 
[Qi20ci2i][5i^.i5N]sH(32): observed mass = 18,163.3 ± 6.0 Da; 
expected (average isotope composition) = 18,156.2 Da. 

NMR Measurements on Abl-[SH2-^5N]SH(32). Protein sam- 
ples were exchanged in 200 mM NaCl, 4.3 mM sodium phosphate, 
2.7 mM KCl, and 1.4 mM potassium phosphate, pH 7.2, which 
contained 8% (vol/vol) D20, 2 mM pH^JEDTA, 0.02% (wt/vol) 
NaN^, and either 2 or 10 mM DTT-^Hm for wild-type 
[U-*^''n]SH(32) and [SH2-^-'^N]SH(32), respectively. The final 
concentration of the ligated sample was 0,2 mM and that of the 
wild-type sample was 0.8 mM. ^H-^^'N heteronuclear single- 
quantum conelation spectroscopy was performed at 35**C on a 
DMX-500 NMR spectrometer (Bruker, Billerica, MA) with a 
5-mm probe (Nalorac Cryogenics, Martinez, CA). The spectral 
widths were 14 ppm for the *H axis and 33 ppm for the ^'**N axis. 
The spectra were processed by using XWINNMR (Bruker). The 
resulting resolution in the final spectra was 1.75 Hz in the proton 
dimension and 3.2 Hz in the ^^'N dimension. 

Fluorescence Binding Assay. The equilibrium dissociation con- 
stants of the protein constructs for the consolidated ligand were 
determined by using the previously described fluorescence-based 
titradon assay (22). The binding constant for the segment labeled 
construct was 300 (±100) nM. Experiments were performed on 
a Fluorolog-3 (Spex Industries, Metuchen, NJ) spectrophotom- 
eter fitted with a Neslab Instruments (Portsmouth, NH) temper- 
ature control unit. 

RESULTS AND DISCUSSION 

In this report we describe the development of procedures that 
allow two folded recombinant protein domains to be efficiently 
linked together by in vitro chemical ligadon. This strategy has 
been used to prepare NMR quantities of the Abl regulatory 
apparatus, Abl-SH(32), in whicli only one domain was uniformly 
labeled with ^^N, 

The cellular signaling protein, c-Abl, is one of the few nonre- 
ceptor protein tyrosine kinases directly linked to human malig- 
nancies (23). The kinase activity of c-Abl is tightly controlled in 
vivo and is thought to be partly regulated by specific interactions 
of its SH3 and SH2 domains with other cytoplasmic and nuclear 
proteins (19, 24). The three-dimensional strucUires of the Abl- 
SH3 and Abl-SH2 domains have been studied in solution by 
NMR methods, both individually (20, 25) and together in the 
context of the domain pair (20). This level of structural charac- 
terization combined with the importance of these regulatory 
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Fig. 1. In vitro chemical ligation of folded recombinant proteins is 
illustrated by the preparation of Abl-SH(32). The Abl-SH3 domain Ls 
generated as an ethyl a-thioester derivative from the corresponding intein 
fusion protein, and the Abl-SH2 domain Ls generated with a cysteine at 
the N terminus via a factor Xa proteolysLs strategy. Note that the linkage 
between the SH3 domain and the fused intein protein-splicing domain Ls 
naturally in equilibrium between an amide and a thioester (15-17). 
Exposure of thus fusion protein to ethanethiol at pH 6.0 results in the 
formation of an ethyl a-thioester derivative of the SH3 domain. Com- 
bining these SH3 and SH2 protein derivatives under conditions that 
maintain them as folded results in a chemoselective ligation reaction and 
the generation of a normal peptide bond at the ligation junction (26). The 
sequence of the final ligation product is m{65}LFVALYDFVASGDN- 
TLSITKGEKLRVLGYNHNGEWAEAQTKNGQGWVPSNYITPV- 
GCLEKHSWYHGPVSRNAAEYLLSSGINGSFLVRESESSPGQRS- 
ISU^YEGRVYHYRINTASDGKLYVSSESRFNTLAELVHHHSTV- 
ADGUTTLHYPAPKR{220}gihrd. Lowercase letters indicate nongene 
residues from the expression systems used. This construct uses a C^"^ 
S mutation internal to the SH3, which had previously been inserted to 
improve stability for NMR experiments. This is also in the *Svild-type" 
sequence. Note that native chemical ligation reactions can be performed 
in the presence of multiple internal cysteine residues in either of the 
reacting segments (27); only the N-terminal cysteine participates in the 
ligation reaction, 

domains in c-Abl function suggested the Abl-SH(32) domain pair 
as an excellent target system for segmental labeling studies. 

As illustrated in Fig. 1, our in vitro chemical ligation strategy 
called for the generation of a recombinant Abl-SH3 domain 
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activated at its C terminus as an a-thioester and a recombinant 
Abl-SH2 domain containing an N-terminal cysteine residue. 
These two, folded protein domains should, when combined under 
physiological conditions, chemoselectively react via the well es- 
tablished native chemical ligation reaction (26, 28) to form an 
amide linkage at the ligation junction. The location of the ligation 
site was chosen to be within the short linker region that connects 
the two domains and involved mutation of the wild- type residues 
N^^^ and S*^^ to G and C, respectively. The S C mutation was 
required to facilitate the ligation reaction, whereas the N G 
mutation was expected to improve the kinetics of ligation.^ 
Residue numbering is referenced to the complete Abl protein; the 
C^^* mutation is then the N terminus of the Abl-SH2 domain. 
Previous studies had indicated this linker region to be relatively 
flexible (20), and it was anticipated that the mutations would lead 
to minimal significant structural perturbations. 

The Abl-SH3 sequence (residues L''-**-V^*^) was subcloned into 
the commercially available pTYB2 expression vector, which 
allowed the generation of an Abl-SH3-intein-CBD fusion protein. 
After soluble expression in E. colt, the desired fusion protein was 
affinity purified on chitin beads. A small aliquot of the loaded 
beads was treated overnight with DTT, and the reaction super- 
natant was analyzed by reverse-phase HPLC and ESMS. This 
indicated that the expected Abl-SH3 construct was present in 
>90% homogeneity (data not shown) and that approximately 
0.35 mg of the Abl-SH3 domain was immobilized per ml of chitin 
beads. 

Initial attempts to generate the [C*^*]SH2 construct in- 
volved cyanogen bromide cleavage of a glutathione S- 
transferase-Abl-SH(32) fusion containing a unique M-C unit 
at the appropriate position within the interdomain linker J' This 
synthetic strategy was unsuccessful because of irreversible 
oxidation of the C residue to cysteic acid during the chemical 
cleavage step; the resulting Cys(03H)-Abl-SH2 analog could 
not participate in subsequent chemical ligation reactions. An 
alternative approach was therefore used that applied the factor 
Xa cleavage strategy previously described by Verdine and 
coworkers (29). With this approach a glutathione S- 
transferase-Abl-SH(32) fusion protein was generated that 
contained an -I-E-G-R-C- motif inserted within the linker 
region connecting the Abl-SH3 and Abl-SH2 domains, before 
U^^. Proteolysis of this fusion protein with factor Xa afforded 
the desired [C*^^]SH2 construct in good yield. A similar 
strategy was also used to prepare uniformly ^-**N-labeled 
[C*2i]SH2 (see Materials and Methods). 

In preliminary ligation studies, we investigated whether a short 
synthetic peptide, NH2-CGRGRGRK[fluorescein]-CONH2, 
could be reacted with the immobilized Abl-SH3-intein-CBD 
fusion protein. Consistent with previously published examples 
(15, 16), nearly quantitative ligation of the synthetic peptide to the 
recombinant Abl-SH3 domain was observed, as indicated by 
reverse-phase HPLC, ESMS, and fluorescence spectroscopy 
(data not shown). These studies thus established that expressed 
protein ligation reactions could be performed on the folded 
Abl-SH3 domain. 

Initial attempts to ligate [C^2^]SH2 to the immobilized SH3/ 
thioester domain produced no detectable product formation. 

^Recent studievS indicate that the majority of naturally occurring amino 
acids (with the exception of I, V, E, D, N, Q, and P) can be tolerated 
at the N-terminal side of the ligation junction without dramatically 
altering ligation yield/kinetics (Hackeng, P. M., Griffin, J. H. &. 
Dawson, P. E., presented at the Twelfth Symposium of the Protein 
Society, San Diego, July 25-29, 1998). Thus, in future applications 
only a single amino acid mutation (i.e., X — > C) may be necessary for 
expressed protein ligation. 

"The M-C unit was introduced into the linker region connecting the 
Abl-SH3 and Abl-SH2 domaias by cassette mutagenesis by using an 
Ncol and Xmal restriction strategy. This resulted in N^^'* — » M and 
S121 C mutations in the Abl-SH(32) construct. The Abl-SH(32) 
sequence does not contain any endogenous M residues. 
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Fig. 2. Chemical ligation of Abl-[Gi2n]SH3 to Abl-[C^2t][u. 
^^N]SH2. (A) Analytical reverse-phase HPLC profile of the crude 
ligation mixture after a 90-h reaction. A linear gradient of 32-46% of 
solvent B over 30 min was used. ESMS was used to identify the various 
components in the mixture, which are labeled accordingly. Note that 
the Abl-SH3 domain is converted to the more reactive benzyl- and 
phenyl-a- thioester derivatives in situ. (B) Electrospray mass spectrum 
(mass reconstruction) of the purified product, Abl-[G^^"C^^^][SH2- 
^^N]SH(32); expected mass (average isotope composition) = 18,240.2 
Da. 

These studies used approximately equimolar amounts of the two 
reactants, requiring ml of beads («*700 /ig of SH3 a-thioester) 
for every mg of [C*^^]SH2 used. The net effect of performing this 
reaction directly from the chitin beads was, therefore, to dilute 
greatly the [C^^^]SH2 domain (<50 /xM), leading to a kinetically 
unfavorable reaction.** Note that this kinetic problem was not 
encountered with the model ligation described above because the 
synthetic peptide was present in large molar excess and miUimolar 
concentration. However, emulating these pseudo-first-order con- 
ditions for the [C*^*]SH2 ligation was impractical because of the 
large amounts of the protein required (e.g., «*100 mg of 
[C^^^]SH2 would be required for a preparative scale 10-ml 
reacdon). 

An alternative and more efficient synthetic approach was 
developed that overcame the kinetic problems associated with the 
immobilized Abl-SH3-intein-CBD fusion protein. This approach 
generates a soluble, stable a-thioester derivative of Abl-SH3 that 
can be easily purified and stored but whose reactivity can be 
modulated through transthioesterification during the ligation 
reaction. Previous studies have shown that alkyl a-thioester 
derivatives of synthetic peprides are relatively unreactive as acyl 

**It is well established that efficient chemical ligation reactions 
require high concentrations (near niM) of both reactants (26-28, 
30-33). 
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Fig. 3. iHji^N} NMR spectra at 500 MHz of Abl-[Gi2«a2i][SH2-i5N]SH(32) {A) and wild-type Abl-SH(32) {B) with uniform ^-^N labeling. 
The peaks in^ are the SH2 -associated subset of those in B. (C-E) The peaks showing detectable chemical shift changes away from their position 
in the wild type are illustrated. (C) S^^i tj^g ^jij jypg mutated to C^^^ in the segment-labeled material. (C~E) The wild type subspectrum is 
shown in solid lines, and the segment- labeled protein is shown in dashed lines. Residue G^^" shows a small chemical shift (D), as does A^'-^^ (E). 
Both of these residues are spatially close to the junction between SH3 and SH2 and presumably are slightly structurally perturbed. 



donors (33, 34). We found that overnight exposure of the chitin 
beads to ethanethiol at pH 6.0 led to the generation of an ethyl 
a-thioester derivative of the Abl-SH3 domain (Fig. 1). This 
transthioesterification/cleavage reaction was found to be remark- 
ably clean as indicated by HPLC/ESMS analyses of the reaction 
supernatant and SDS/PAGE analysis of the residual immobilized 
protein on the chitin beads. The Abl-SH3 ethyl a-thioester 
derivative was easily purified by HPLC (gel filtration or dialysis 
could also be used provided the pH is kept at 6.0 or below) and 
could be stored as a lyophilized powder for several months. 

The [G120JSH3 ethyl a-thioester derivative and [Ci2i][U- 
^-''NJSffi domain were combined in phosphate buffer at pH 7.2, 
conditions under which the two protein domains are known to 
adopt stable tertiary folds (20, 25). To our knowledge this is the 
first time that the chemical Ugation of two folded proteins has 
been attempted. '"** Three steps were thus taken to ensure efficient 
reaction, namely: the two domains were kept at a moderately high 
concentration {^0,5 mM); one of the reactants, [C^^^]SH2, was 
added in molar excess; and the cofactors, thiophenol and benzyl 
mercaptan, were each included in the reaction medium. These 

'■'^'Although chemical denaturants were not present in the example 
here, such agents can be added if required and do not interfere with 
native ligation chemistry (26-28, 30-33, 35). 



cofactors are known to catalyze native chemical ligation reactions 
through in situ transthioesterification (30). The progress of the 
hgation reaction was monitored by using a combination of 
analytical HPLC and ESMS, which indicated that the reaction 
had gone to ^10% compledon after 4 days (Fig. 2A), At this 
point, the ligation product, Abl-[Gi2"Ci2i][sjj2-^-^N]SH(32), was 
purified by preparative HPLC, and its covalent structure was 
characterized by ESMS (Fig. 23). 

Preliminary studies had indicated that HPLC-purified recom- 
binant Abl-SH(32) could be lyophilized and then refolded by 
rapid dilution from a 6 M Gdii*HCl-coiitaining buffer into 
phosphate buffer at pH 7.2. Under these conditions, no protein 
precipitation was observed, and NMR analysis indicated that the 
sample had adopted a native fold (data not shown). A similar 
strategy was therefore used to prepare the complete [SH2- 
^-**N]SH(32) construct for ftmctional and structural analysis. The 
binding affinity of Abl-[Gi20ci2i][sH2-i5N]SH(32) for the con- 
solidated ligand,** NH2-PVpYENVGr>>(PPAYPPPPVPK- 
CONH2), which binds both the SH3 and the SH2 domains simul- 
taneously (22), was studied by a fluorescence-based dtration 
assay. This revealed the equilibradon dissociation constant for 

t1:> denotes that the C- terminal glycyl residue is linked to the N** of 
lysyl in the second peptide segment. 
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binding to the ligand, 300 nM, was essentially that previously 
reported for the AbUSH(32) construct, 249 nM (22). This affinity 
is characteristic of the dual domain construct. 

The purified ligation product was stable under NMR sample 
conditions. In Fig. 3/4, the ^H{*-*'N} heteronuclear single- 
quantum correlation spectroscopy map of the [G^^"C*^^][SH2- 
i'^N]SH(32) may be compared with the [U-^5N]SH(32); these 
spectra are essentially fingerprints of the folded proteins. All 
peaks in the heteronuclear single -quantum correlation spectros- 
copy map of [G120c121][sh2-15n]SH(32) almost exactly coincide 
with those of [U-*-''N]SH(32) and are in agreement with the 
previous assignments by analogy (20) and from triple resonance 
data (R-X., unpublished results). There are no extraneous peaks. 
These NMR data are highly indicative that the structures are very 
similar and that the ligation reaction did not affect folding. At the 
ligation site, chemical shift changes are expected and observed for 
the NS GC double mutation. The *-*^N-labeled amide of C^^^ 
assigned by analogy and difference, indicates the expected stan- 
dard amide bond formation after the ligation reaction. The G^^" 
is not labeled. The new spectra permit identification of the amide 
for E^^, previously only ambiguously identified because of low 
intensity, and overlap with an SIC amide resonance. Some subtle, 
but experimentally significant, shifts are observed for G^^" and 
A*^''* (Fig. 3 D and E). From the expected contacts (20, 25) and 
observed flexibility of the linker (20, 36), these two residues are 
believed to be spatially close to the ligation site, where minor 
effects of the N G and S -> C mutations might be expected for 
changes in the side chain environment. The small magnitude of 
these chemical shift perturbations (<0.06 ppm, ^H; <0.1 ppm 
^'**N, excluding the S^^^ ->C mutation) further support the con- 
clusions that the [Gi2nci2i][sH2-i-*'N]SH(32) is topologically very 
similar to the wild type. 

CONCLUSIONS 

Significantly larger protein systems can be studied with new 
methods for spectral observation and structure determinadon by 
NMR (9, 37). The approach of segment labeling makes possible 
assignment and high resolution structural determination of large 
proteins without requiring the natural spectral simplification that 
occurs because of molecular symmetry. For example, it would 
seem practical to obtain highly resolved fragment spectra for 
about 100 residues of an SOO-residue protein (^110 kDa), com- 
parable to those reported for the highly symmetric 7,8- 
dihydroneoptrin aldolase, a homooctomer (5). The effects of 
"context" of the surrounding domains on a segmentally labeled 
domain can now be practically studied by appropriate mutation 
and chemical ligation. Fragment labeling also permits segmental 
determinadon of dynamic properties, residual dipolar couplings 
(9), and SAR-by-NMR (10). Unlike the previously described 
trans-splicing approach (11), the chemical ligation strategy pre- 
sented here can be extended to allow three recombinant protein 
segments to be regioselectively linked together; the feasibility of 
such an approach was recently demonstrated in a model synthetic 
peptide system (33). In principle, this important extension would 
allow internal domains of a protein to be iso topically labeled for 
NMR analysis. Other applications of our approach include the 
incorporadon of selenomethionyl-labeled domains into a larger 
protein, facilitating structure determination of proteins by using 
multi-wavelength anomalous dispersion x-ray experiments for 
phasing (38), the incorporadon of ^H-labeled segments for neu- 
tron scattering or diffraction, and the incorporation of highly 
magnetically anisotropic domains to provide additional orienta- 
don for NMR dipolar coupling measurements (39). 
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